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Osteoarthritis (OA) is the leading cause of disability among the elderly population, 
affecting approximately 27 millions Americans and costing $60 billion in related-health care 
costs. Mouse models of OA have been developed to study the mechanisms of OA and 
therapeutic interventions. However, traditional animal models induce OA pathology through 
traumatic surgeries, which only represent 10% of human OA patients. Thus, in this thesis, a 
novel noninvasive OA mouse model was developed, characterized, and applied to transgenic 
mice. The changes in articular cartilage and subchondral bone were analyzed by histology, 
immunohistochemistry, and microcomputed tomography. 
To develop a noninvasive OA mouse model, an in vivo tibial loading model was used to 
investigate the adaptive responses of cartilage and bone to mechanical loading and to assess the 
influence of load level and duration. Peak cyclic compression of 4.5 and 9.0N was applied to the 
left tibia via the knee joint of adult (26-week-old) male mice for 1, 2, and 6 weeks at 1200 
cycles/day. In addition, 9.0N loading was utilized in young (10-week-old) mice. Loading 
promoted cartilage damage, cartilage thinning, and subchondral cortical bone thickening in both 
age groups. Both age groups developed periarticular osteophytes at the tibial plateau in response 
to the 9.0N load, but no osteophyte formation occurred in adult mice subjected to 4.5N load.  
Development of a novel noninvasive loading model was followed by investigating the 
traumatic vs. nontraumatic nature of cyclic loading of the mouse knee joint. To differentiate 
traumatic tissue damage versus cell-mediated processes in the development of OA pathology, a 
single nondestructive 5-minute loading session was applied to the left tibia of adult (26-week-
old) mice at a peak load of 9.0N. Knee joints were subsequently analyzed at 0, 1 and 2 weeks 
after loading. At T = 0, no change was evident in cartilage or subchondral bone. However, 
cartilage pathology demonstrated by localized thinning, proteoglycan loss, and inhibition of 
chondrocyte autophagy occurred at 1 and 2 weeks after the single session of loading. Transient 
cancellous bone loss was evident at 1 week, associated with increased osteoclast number, 
reversed at 2 weeks.  
  Finally, the in vivo tibial loading model was implemented to study the role of Dickkopf-
1, an inhibitor of the Wnt pathway, in the development of load-induced OA. To identify the role 
of Dickkopf-1 protein in OA, novel viable mice with Dickkopf-1 knockout and Wnt3 
knockdown (Dkk1-/-;Wnt3+/-) were used. The left tibia of 10-week-old Dkk1-/-;Wnt3+/- and 
respective control groups, littermate control (Dkk1+/+;Wnt3+/+) and Wnt3 knockdown 
(Dkk1+/+;Wnt3+/-) mice, underwent cyclic compression at a peak load of 9.0N for 2 weeks. As 
a result of loading, both Dkk1-/-;Wnt3+/- and Dkk1+/+;Wnt3+/+ mice demonstrated cartilage 
erosion, subchondral cancellous bone loss, and osteophyte formation. However, 
Dkk1+/+;Wnt3+/- mice did not undergo cartilage degeneration and showed limited osteophyte 
formation, indicating knockdown of Wnt3’s potential chondroprotection against an altered joint 
loading environment.  
 In summary, an altered joint loading environment caused by in vivo tibial loading 
repeatedly and robustly produced OA pathology in mouse joints. This loading modality was 
nontraumatic as evidenced by the absence of physical damage and presence of biological events 
that led to OA. In addition, the in vivo tibial loading model can be applied to investigate potential 
chondroprotection from genetic or pharmacological interventions. The novel in vivo tibial 
loading model presents tremendous opportunities to study the etiology of OA from patients 
without a history of traumatic joint injury and will be an excellent platform to develop 
therapeutic interventions.  
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CHAPTER 1 
INTRODUCTION 
 
1.1. Osteoarthritis 
Osteoarthritis (OA) is the leading cause of musculoskeletal disability, disrupting diarthroidal 
joints such as the wrist, hip, or knee and impairing functional activities among the affected 
individuals. Approximately 27 million Americans suffer from OA and $60 billion related-
healthcare costs are spent annually for treatment and management of OA [1, 2]. With increasing 
life expectancy, better management of overall health care, and increased level of athletic 
activities, the number of people suffering from OA is expected to rise sharply, which will 
dramatically increase the burden among health care professionals and caregivers. Currently no 
Disease Modifying OA Drugs (DMOADs) are available, which results in limited treatment 
options to alleviate pain or slow the progression of OA: non-steroidal anti-inflammatory drugs 
(NSAIDs), moderate physical exercise, weight loss, and ultimately, total joint replacement. A 
detailed understanding of pathomechanisms of OA can provide opportunities to develop not only 
chemical or biological DMOADs, but also novel therapeutic interventions to prevent the 
development of OA that will ultimately enhance the quality of life within the population highly 
susceptible to OA.  
 
1.2. Alterations in the Osteoarthritic Joint 
Diarthroidal joints are composed of articular cartilage, subchondral bone, synovial 
membrane, meniscus, and ligaments (Figure 1.1a). The articular cartilage and meniscus provide 
lubrication and shock absorption during locomotion, subchondral bone maintains joint structural 
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integrity, ligaments stabilize the joint, and the synovial membrane provides synovial fluid for 
maintaining functional lubrication and nutrients to avascular cartilage. Development and 
progression of OA are accompanied by significant changes in each of the diarthroidal joint 
components, resulting in pain and inability to maintain functional range of motion (Figure 1.1b).   
 
Figure 1.1 (a) Healthy joint without structural damage or inflammation at any of the joint 
components and (b) osteoarthritic joint with focal degeneration, bone spurs, and synovial 
inflammation [3].  
 
 
1.2.1. Articular Cartilage 
Articular cartilage is the lubricating surface on the joint and prevents bone-bone contact that 
results in significant pain and reduced range of motion. Avascular in nature, articular cartilage is 
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composed of resident cells (chondrocytes) and surrounding extracellular matrices composed of 
water, collagen, proteoglycan, and noncollagenous proteins (Figure 1.2). Articular cartilage can 
be separated in three different zonal layers: superficial, middle, and deep zones (Figure 1.3). 
These zonal layers resemble the growth plate chondrocyte morphology; superficial zone 
chondrocytes resemble the reserved zone of the growth plate; and the deep zone resembles the 
hypertrophic zone with enlarged chondrocytes.  
 
Figure 1.2 Chondrocyte and its interaction with surrounding extracellular matrices within 
articular cartilage [4]. 
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Figure 1.3 Chondrocyte morphology in different zonal layers of articular cartilage (A) and 
collagen orientation within each layer (B) [5]. Deep zone chondrocytes are enlarged with 
surrounding collagen oriented vertically whereas in the superficial zone, chondrocytes are 
surrounded by collagen oriented horizontally.  
 
 
Partial or complete erosion of articular cartilage is common among late-stage OA patients. 
Instead of a smooth articulating surface at the superficial zone, late-stage OA cartilage is 
characterized by a roughened surface and significant fissures penetrating into the deep zone, 
chondrocyte proliferation and hypertrophy, and loss of proteoglycan (Figure 1.4). These 
morphological alterations lead to resistance to articulating movement and increased friction at 
the joint.  
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Figure 1.4 Healthy (a) and osteoarthritic (b) articular cartilage stained by Safranin O/Fast green 
[6]. Proteoglycan loss and surface erosion are common features in osteoarthritic cartilage. Also, 
the deep zone of osteoarthritic cartilage contains a high percentage of enlarged chondrocytes 
compared to healthy cartilage.  
 
1.2.2. Subchondral Bone 
Subchondral bone, which consists of subchondral cortical and cancellous bone, maintains 
structural integrity at the joint. Composed predominantly of collagen and hydroxyapatite 
mineral, subchondral bone can withstand significantly higher loads than any other surrounding 
joint tissue. Subchondral cortical bone (alternatively referred to as the subchondral plate) is 
located directly adjacent to the calcified zone of articular cartilage, followed by subchondral 
cancellous bone (Figure 1.5). Unlike articular cartilage in which chondrocytes show limited 
activity due to their avascular environment, resident bone cells such as osteoblasts, osteoclasts, 
and osteocytes are continuously active (bone remodeling) via nutrients from bone marrow and 
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the vascular network in the bone matrix.  
 
Figure 1.5 Progressive changes in articular cartilage, calcified cartilage, and subchondral cortical 
and cancellous bone over the course of OA development [7]. 
 
 
Subchondral cortical and cancellous bones undergo several changes over the course of OA 
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development. During the onset and early stages of OA, subchondral cortical bone thins due to 
increases in bone resorption. Thinning of subchondral cortical bone increases porosity that 
allows the transport of solutes and mediators that promote expansion of calcified cartilage [8]. 
As the disease progresses to the late stage, subchondral cortical bone thickens while subchondral 
cancellous bone becomes thinner due to stress shielding from the cortical bone (Figure 1.5) [7].   
 
1.2.3. Synovial Membrane 
The synovial membrane is the thin layer surrounding the joint that supplies and maintains the 
synovial fluid within the joint capsule. Synovial fluid allows lubrication at the joint and also 
transports necessary nutrients to maintain healthy avascular articular cartilage. Synoviocytes 
produce lubricin and hyaluronic acid that allow efficient lubrication at the diarthroidal joint [9]. 
 
Figure 1.6 Healthy (a) and osteoarthritic (b) synovial membrane stained by H&E. Osteoarthritic 
synovial membranes display significant hyperplasia of synovial cells and infiltration of 
inflammatory cells [10] 
 
 
At the onset and during the development of OA, the synovial membrane undergoes 
significant morphological changes characterized by hyperplasia of the synovial lining, fibrosis, 
and infiltration of lymphocytes and macrophages (Figure 1.6) [9]. These changes not only result 
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in secretion of inflammatory mediators that promote secretion of collagenase in articular 
chondrocytes, but also are suggested to play a crucial role in pain sensitivity [9].  
 
1.2.4. Meniscus 
The meniscus resides between femoral and tibial surfaces of the knee joint to provide both 
lubrication and load-bearing capacity. Primarily composed of collagen and proteoglycans, the 
unique horn-like anatomical shape (knee meniscus) and biochemical composition allow the 
meniscus to withstand a variety of forces such as shear, tension, and compression (Figure 1.7). 
Unlike articular cartilage, which only consists of chondrocytes, cells in the meniscus are 
composed of fibroblast- and chondrocyte-like cells.  
 
Figure 1.7 Overall meniscus morphology and resident cell population [11] 
 
While articular cartilage and subchondral bone undergo changes during the onset and 
development of OA, the meniscus is responsible for initiating those changes by destabilizing the 
mechanical environment at the joint while also disrupting its own structural integrity. Partial or 
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complete meniscectomy increases the likelihood of developing OA in animal models and 
patients who underwent such surgeries.  
 
1.2.5. Ligaments 
Ligaments exist in the joint to provide stability during movement. For example, in the knee, 
four primary ligaments, lateral and medial ligaments and anterior and posterior cruciate 
ligaments (ACL and PCL), allow the tibiofemoral joint to extend and flex and provide optimal 
distribution of stress across the tibial plateau. Similar to the meniscus, removal or injury of any 
of the ligaments alters the biomechanical environment at the joint, which initiates changes in 
articular cartilage and subchondral bone pathology leading to OA.  
  
1.3. Pathomechanisms of Osteoarthritis due to Joint Loading Alterations 
The complex anatomical structure of the joint leads to multiple contributing factors that 
initiate the development of OA. Since a diarthroidal joint provides articulating surfaces during 
locomotion and bears mechanical loads, OA can develop due to alterations in the joint loading 
environment and subsequent changes in biological response.  
The joint loading environment can be altered by increasing the amount of load being 
transmitted, the frequency and duration of loading, and characteristic motions occurring at the 
joint. Clinical studies show strong associations between obesity and incidence of OA, indicating 
that increased joint load due to increases in body weight can be an important risk factor in the 
development of OA [12]. In addition, workers who require daily heavy lifting are more 
susceptible in developing hip OA [13, 14]. While evidence is conflicting among amateur long 
distance runners, professional athletes who were exposed to strenuous training regimens and 
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competitions developed OA prematurely [15-19]. In addition to being exposed to a competitive 
loading environment, athletes with histories of joint injuries such as an anterior cruciate ligament 
tear, meniscectomy, or intraarticular tibial plateau fracture are at a higher risk of developing 
post-traumatic OA [20-22]. Joint injuries and post-operative surgeries often lead to altered gait 
patterns, which substantially shift joint contact locations and stress patterns on the joint [23-25]. 
As a result, reducing body weight, lessening the daily workload, providing a moderate exercise 
program, or gait modification have been recommended to alleviate or potentially prevent 
symptoms of OA among patients [26-29]. For example, lowering body mass by 5kg led to a 50% 
reduction in the odds of developing OA [30]. 
In vitro and preclinical models of OA also corroborate findings from clinical studies that 
alterations in the joint loading environment can promote changes similar to OA seen in humans. 
These models provide further insights into mechanical and biological processes responsible for 
OA development. Overloading at high strain rates or repeated compressive cyclic loading 
decreased stiffness and chondrocyte viability and increased cellular expression of catabolic 
factors in cartilage explants [31-36]. In response to an altered loading environment, chondrocytes 
initially undergo proliferation and hypertrophy, and then secrete catabolic factors such as MMP-
13 and ADAMTS-5 [37-39]. These catabolic factors degrade articular cartilage components such 
as collagen and glycosaminoglycan and also promote chondrocyte apoptosis and ossification of 
the cartilage deep zone [40]. Preclinical animal models that underwent surgical joint instability 
showed similar biological changes in articular cartilage [40-42]. Also, whole joint analysis of in 
vivo OA models revealed potential cross-talk between articular cartilage and subchondral bone, 
in which the early thinning of subchondral bone may promote vasculature that transports 
cytokines and mediators to the deep zone of cartilage, leading to chondrocyte hypertrophy and 
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ossification [8, 43-45].  
 
1.4. In Vivo Models of Osteoarthritis 
Animal models of OA have been used extensively to characterize the disease mechanism and 
develop therapeutic interventions. With the ability to study multiple joint components 
simultaneously, animal models will continue to be extraordinary research tools that will greatly 
benefit OA research community. Animal models can be broadly classified as non-rodent and 
rodent models, in which OA can be promoted via traumatic or non-traumatic interventions at the 
joint.  
 
1.4.1. Non-rodent Models 
Rabbits are the most widely used non-rodent models of OA, due to their relative ease of 
handling and cost of care compared to larger animals. Rabbits that underwent ACL transection or 
meniscectomy surgery developed OA pathology similar to humans, including articular cartilage 
erosion and osteophyte formation [46-50]. To alleviate or treat these changes in rabbits and 
demonstrate translatability of rabbit OA models to clinical settings, investigators have 
administered intra-articular injection of potential therapeutic agents that demonstrated 
improvements in rabbit joints [51-53]. Nonsurgical OA induction has been attempted by 
noninvasive mechanical loading of the knee or intra-articular injection of collagenase or papain 
[54-57]. While the nonsurgical nature is an advantage to study OA population cohorts without 
prior joint injuries, intra-articular injection of proteases does not consistently replicate the 
traditional OA pathology seen in humans.  
Canine models are also widely studied due to a high incidence of naturally occurring joint 
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dysplasia and subsequent development of OA among larger breeds such as Labrador retrievers 
and Shepherd dogs [58, 59]. In addition to the large body weight that the joint needs to resist 
during activities, increases in joint laxity and distraction are often observed in larger breeds of 
dogs, further altering the joint loading environment that can lead to OA [58]. OA can be 
artificially-induced in canine models by surgically destabilizing the joint or by strenuous exercise 
[60-64]. Similar to rabbit OA models, canine models have also been used as a therapeutic testing 
platform for OA and demonstrated translatability of the model to the clinical scenario [65-68].  
Ovine and equine models have also been developed and implemented to study OA. Sheep 
with increased joint instability due to either ligament transection or meniscectomy developed 
similar OA pathology to humans [69, 70]. Unlike sheep and other mammals used for OA studies, 
horses have unique limb structure in that their functional “knees” correspond to the anatomical 
locations of wrists or ankles in human. Despite the anatomical differences, equine OA models of 
osteochondral defects are commonly used, and treatments strategies for such defects have been 
developed, including bone-marrow aspirate concentrate, cytokines, or exercise [71-75].  
 
1.4.2. Rodent Osteoarthritis Models 
Easily accessible, relatively lower costs of care compared to larger mammals, and advances 
in transgenic mouse techniques attract investigators to use rodent models of OA to investigate 
mechanisms responsible for joint degeneration and to develop novel therapeutic interventions. 
Mice and rats are commonly implemented for preclinical non-traumatic or traumatic OA models, 
and guinea pigs have also been used due to the spontaneous occurrence of joint degeneration 
[76-79]. Rodents undergo varying degrees of surgical or nonsurgical interventions to promote the 
development of OA to address specific OA patient cohorts.  
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1.4.2.1. Traumatic Rodent Osteoarthritis Models 
Similar to non-rodent OA models, creating joint instability through surgical removal of the 
meniscus or ligament can lead to OA in rodents. Destabilization of the medial meniscus (DMM), 
by transecting the meniscotibial ligament, resulted in cartilage degeneration and limited 
osteophyte formation in mice and rats [80, 81]. In addition to articular cartilage degeneration, 
thinning of the subchondral plate was evident in rodents that underwent DMM surgery [82, 83]. 
These changes were observed over the course of 8 weeks. At 4 weeks, only mild surface 
fibrillation occurred, but at 8 weeks, complete articular cartilage erosion occurred with 
osteophytes at the joint margins.  
Joint instability in rodents can also be achieved by surgically transecting ligaments that 
maintain joint articulation. In the knee joint, transection of the ACL, PCL, or both led to 
significant articular cartilage degeneration, subchondral plate thinning, and osteophyte formation 
[41, 84-87]. The extent of joint alterations was significantly greater than mice that underwent 
DMM surgery. Not only articular cartilage fibrillation occur in the ACL model, but also ectopic 
bone formation, complete loss of epiphyseal bone, and significant periosteal reactions. At 4 and 
8 weeks following ACL transection, the extent of joint alterations was indistinguishable, 
indicating the surgery results in rapid joint reactions and remains constant for extended periods. 
These results indicate ACL transection may activate additional biological responses that lead to 
strong reactions at the joint margins [80]. 
Closed intraarticular fracture in the mouse knee also leads to development of OA phenotypes 
in cartilage and bone [88]. Following fracture, joint changes include synovial inflammation, 
decrease in chondrocyte viability, heterotopic bone formation, and thinning of subchondral bone 
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[89]. The severity of these changes were significantly increased when mice became obese from a 
high-fat diet [90].  
Traumatic rodent models of OA provide great insights in potential management of care and 
development of DMOADs for OA patients who had histories of traumatic joint injuries such as 
an ACL tear, tibial osteotomy, or meniscectomy. However, given that the majority of patients 
developing OA do not have histories of joint injuries, other non-traumatic risk factors such as 
genetics, diet, and repetitive nontraumatic joint loading need to be addressed by rodent models 
[91, 92] 
 
1.4.2.2. Non-traumatic Rodent Osteoarthritis Models 
Since the complete sequencing of the mouse genome and rapid advances of transgenic mouse 
technology, a detailed mechanistic understanding of OA progression can now be investigated at 
the whole joint level using genetically modified mice. Mice with partial or complete inactivation 
of genes that are important in producing the collagen matrix of cartilage such as COL2A1, 
COL9A1, or COL11A1 exhibit OA phenotypes similar to humans [93-95]. Also, increases in 
cartilage turnover enzymes such as MMP-13 or ADAMTS-5 have been shown to expedite the 
development of OA in mice [96-98]. In addition to transgenic models, certain strains of mice are 
naturally more susceptible to developing OA. For example, the STR/Ort mouse spontaneously 
develops OA compared to the CBA strain [99, 100]. Also, when C57BL/6 and BALB/c mice 
reach 2 years of age, spontaneous OA develops as evidenced by type II collagen degradation 
epitopes [101].  
In addition to generating unique transgenic mice to investigate molecular mechanisms 
governing OA development, the strong association between increases in body weight and high 
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incidence of OA led to the development of mouse models of obesity with different diets. Obese 
mice that were chow-fed with impaired leptin-signaling did not develop OA, but mice fed a high-
fat diet had a higher incidence of OA development [102, 103]. This result suggests that while not 
all obesity may result in OA, the combination of poor diet and other systemic factors could 
trigger development of OA. In contrast, exercising of obese mice fed the high-fat diet slowed the 
progression of OA, indicating these systemic risk factors of OA are preventable through physical 
interventions [104].  
However, not all exercise is beneficial. Mice that underwent lifelong moderate running, 
which started at 2 months of age with 1,000m/day running until the age of 18 months, had 
increased the incidence and severity of OA [105]. However, OA symptoms were alleviated by 
voluntary running exercise in mice with high risk of developing OA [95, 104]. Appropriate 
physical intervention needs to be carefully considered as OA severity is related to the increase in 
the amount of exercise [106].  
 
1.5. Thesis Aims 
Traditional preclinical OA models have shed light on the mechanisms governing initiation 
and progression of OA. However, the majority of traditional preclinical OA models involve 
surgical induction of significant joint instability, despite only a small portion of OA patients 
being represented by these models. In addition, surgical procedures not only destabilize the joint, 
but also promote inflammation and local tissue reactions that confound the outcome of a study. 
As a result, developing, characterizing, and applying a noninvasive OA model that does not 
create traumatic injury are the goals for this thesis.  
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1.5.1. Aim 1: Development of a Noninvasive In Vivo Mouse Loading Model of OA 
In humans, the strong correlation between the loading environment and the risk for 
development of OA suggests that a preclinical model with loading could recapitulate 
pathological changes seen in osteoarthritic human joints. With only limited studies investigating 
the controlled loading environment at a noninvasive level, the goal of this aim was to develop a 
noninvasive in vivo mouse tibial loading model with detailed characterization of tissue pathology 
development at the whole joint level [107, 108]. To alter the loading environment in the mouse 
knee joint, a tibial loading model that was implemented previously to study bone adaptation was 
used [109, 110]. Young (10 week old) and adult (26 week old) male C57Bl/6 mice underwent 
daily cyclic compression of the left tibiae at two load levels (4.5N and 9.0N) for 1, 2, and 6 
weeks. Alterations in epiphyseal and metaphyseal bone, articular cartilage, and periarticular 
regions were analyzed by microcomputed tomography (microCT) and histology.  
 
1.5.2. Aim 2: Characterize Mouse Joint Alterations Following Single Dose of In Vivo 
Loading 
Daily cyclic compression of mouse tibiae promoted alterations in the knee joint that 
recapitulated hallmarks of human OA including cartilage erosion, subchondral bone sclerosis, 
and osteophyte formation [108]. However, the mechanism initiated by loading the joint was 
unclear; distinguishing whether the compressive loading created traumatic damage at the joint or 
promoted biological events that initiated signaling cascades leading to changes in joint 
morphology was unclear. Thus, in this second aim the response to a single dose (5 min) of cyclic 
loading was examined. Following loading, mice were euthanized immediately, and 1- and 2-
weeks after the single session of loading. Tissue morphology and cellular responses in the knee 
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joint were assayed by microCT, histology, and immunohistochemistry using antibodies specific 
for osteoclasts, autophagy, and apoptosis markers. 
 
1.5.3. Aim 3: Investigate the Roles of Dickkopf-1 Ablation and Noninvasive In Vivo 
Loading in Mouse Knee Joints 
Noninvasive in vivo loading of the mouse knee resulted in concurrent changes in articular 
cartilage and subchondral bone over the course of loading, indicating that any interventions to 
treat OA need to target multiple tissue compartments simultaneously. The Wnt pathway is a 
critical regulator of whole joint development and homeostasis, and alterations in the pathway 
lead to severe musculoskeletal phenotypes [45, 111-114]. As a result, attenuating the Wnt 
pathway could lead to potent therapeutics to alter the progression and development of OA [112, 
115]. Using a novel genetic knockout of a key component of wnt signaling, the role of this 
pathway in OA development was examined [116-119]. Mice underwent daily cyclic compressive 
loading of left tibiae for 2 weeks as in Aims 1 and 2. Alterations in the joint compartments were 
analyzed by microCT, histology, and immunohistochemistry using antibodies specific for MMP-
13 and β-catenin.  
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CHAPTER 2 
IN VIVO CYCLIC COMRESSION CAUSES CARTILAGE DEGENERATION AND 
SUBCHONDRAL BONE CHANGES IN MOUSE TIBIAE 
 
2.1 Introduction 
Osteoarthritis (OA) affects nearly 27 million individuals in the United States and is the major 
cause of disability in the adult population [1]. Both systemic and environmental factors, 
including ethnicity, nutritional factors, genetic background, sex, obesity, and joint injury 
contribute to the development of OA [2]. In particular, the onset and development of OA is 
greatly influenced by alterations in the local mechanical loading environment in the joint that 
may result from prior joint injuries, occupational activities involving heavy lifting or repeated 
joint loading, or obesity [2, 3].  
Loading environment plays both beneficial and detrimental roles in the properties of articular 
cartilage and the risk for the eventual development of OA. Dynamic compressive loading of 
bovine cartilage explants increases proteoglycan uptake and synthesis [4, 5], and regular 
moderate running routines in hamsters and rats prevent both naturally occurring and injury-
related cartilage degeneration [6, 7]. Evidence from animal and clinical studies established mild 
to moderate exercise as a recommended non-pharmacological intervention that both prevents and 
alleviates OA symptoms in patients [8-10].   
Mechanical loading can also be detrimental to maintaining healthy articular cartilage and 
preventing the initiation and progression of OA symptoms. A single injurious compression load 
at a high strain rate or repeated compressive cyclic loading decreases cartilage stiffness and cell 
viability of chondrocytes and increases aggrecanase expression in bovine cartilage explants [11-
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13]. Clinically, lifting heavy objects in certain occupations, increased body mass, and repetitive 
physical loading are associated with hip and knee OA [3, 14, 15]. The reduction in body weight 
with an exercise regime effectively reduces pain and increases joint mobility in OA patients [16].  
Despite the correlation between the loading environment and the risk for the development of 
OA in humans, limited studies have investigated the effects of defined mechanical loads and age 
on the development of OA-like structural alterations in animal models [17]. Animal models that 
initiate OA through surgical disruption are confounded by the adverse effects of the surgical 
insult and the post-surgical healing response, as well as the inability to rigorously control the 
mechanical loading environment within the affected joint [18, 19].  
Our studies were undertaken to establish the effects of mechanical loading at defined 
magnitudes on the structural organization and composition of articular cartilage and subchondral 
bone.  Histological and radiological changes were assessed in mouse knee joints in adult mice 
subjected to in vivo tibial loading at defined magnitudes (4.5N and 9.0N) for durations of 1, 2, 
and 6 weeks and at 9.0N peak load in young mice. We hypothesized that the alterations in the 
cartilage and subchondral bone would depend on the magnitude and duration of the load and that 
the responses to the high peak load would be influenced by the age of the mice.  
 
2.2 Materials and Method  
Mechanical Loading Conditions 
To test the effects of load duration on the joint changes, we subjected the left tibiae of 
twenty-one young (10-week-old) C57Bl/6 male mice (Jackson Laboratories, Bar Harbor, ME) to 
cyclic compressive loading for 1, 2, and 6 weeks at a 9.0N peak load. We also loaded the tibiae 
of forty-two adult (26-week-old) C57Bl/6 male mice at 4.5N and 9.0N peak loads for 1, 2, and 6 
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weeks. A load level of 9.0N generates 1200µε in the tibial mid-shaft of 10-week-old mice based 
on in vivo strain gauging [20]. In vivo tibial loading was applied for 1200 cycles at 4 Hz for 5 
days per week at each peak load under general anesthesia (2% Isoflurane, 1.0 L/min, Webster). 
The applied loading was based on protocols demonstrated previously to have an anabolic effect 
on the tibial metaphysis in growing and adult mice (Supp Figure 2.1) [20-22]. The left limb was 
loaded, and the right limb served as the non-loaded control. In preliminary studies in our 
laboratory, we found that metaphyseal bone mass and architecture of the non-loaded control 
(right) limbs were not affected by loading of the left limbs. After the specified duration, the mice 
were euthanized, and the intact knee joints were dissected and fixed in 10% formalin overnight. 
All experimental procedures were approved by the Institutional Animal Care and Use Committee. 
 
Cartilage and Subchondral Bone Assessment 
     After tissue fixation overnight, intact joints in PBS were scanned by microcomputed 
tomography (microCT) with an isotropic voxel resolution of 10 µm (µCT35, Scanco: 55 kVp, 
145 µA, 600 ms integration time, no frame averaging) to assess bone morphological changes. A 
0.5mm aluminum filter reduced the effects of beam hardening. Knee joints were then decalcified 
in EDTA for 2 weeks, dehydrated in an ethanol gradient, and embedded in paraffin. Serial 
coronal sections (6 µm thick) were obtained from posterior to anterior using a rotary microtome 
(Leica RM2255, Germany). Safranin O/Fast green staining was performed on sections at 90 µm 
intervals to assess cartilage morphology. Cartilage degeneration was assessed in the tibial plateau 
using a modified murine cartilage histological scoring system [23].  
Bone morphology from microCT was assessed in two regions: the metaphysis (distal to the 
growth plate) extending 10% of the total bone length, excluding primary spongiosa and cortical 
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bone; and the epiphysis (proximal to the growth plate) excluding cortical bone. Trabecular bone 
from both regions was isolated by manually contouring inside the cortical shell. The global 
threshold was set at 3100 HU to segment mineralized tissue. For each region, cancellous bone 
volume fraction, trabecular thickness and separation, and tissue mineral density were measured. 
Also, localized thickness measurements of subchondral cortical bone (Sub. Pl.) and cartilage 
were performed using Osteomeasure (OsteoMetrics, USA) on representative Safranin O/Fast 
green stained sections previously used for histological scoring. Six different regions of interest 
were defined by dividing the tibial plateau into medial and lateral halves, each of which was then 
further divided into anterior, middle, and posterior regions. A single representative section from 
each of six regions of each joint from all animals was chosen to measure localized thickness. 
Five linear projections from the cartilage surface to the boundary between the cartilage and 
subchondral bone, including calcified cartilage, were used to measure cartilage thickness. The 
projection was extended into the subchondral bone to measure the subchondral bone thickness 
[24]. 
 
Statistics  
     In adult mice, the effects of loading, load level, and duration were detected using a 3-factor 
repeated measure ANOVA with interactions (JMP Pro 9.02, SAS Institute Inc), with loading as 
the intra-group variable, and load level and duration as inter-group variables. In young mice, the 
effects of loading and duration were detected using a 2-factor repeated measure ANOVA with 
interactions with loading as the intra-group variable and duration as inter-group variable. Post-
hoc means comparison tests with Bonferroni correction were performed only when interaction 
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effects were significant. P-values < 0.05 indicated significance. All values are presented as mean 
± SD. 
  
2.3 Results  
Articular Cartilage Matrix Changes 
Mechanical loading induced cartilage matrix changes, including cartilage fibrillation, 
fragmentation, and erosion in both young and adult mice (Fig. 2.1A). As load duration increased, 
damage in the cartilage matrix increased, visualized by loss of Safranin O staining and cartilage 
thinning. The high (9.0N) load level induced more dramatic changes than the low (4.5N) load 
level in adult mice. After 6 weeks of loading at 9.0N, almost the entire cartilage thickness was 
lost in the adult mice based on Safranin O staining, while only slight cartilage surface fibrillation 
was apparent in joints loaded with 4.5N.  The high peak load produced marked cartilage thinning 
in the young mice but the changes were less severe than those observed in the adult mice. We, 
therefore, did not examine young mice subjected to the low peak load.  
The quantitative cartilage scoring confirmed the observations of the histological staining (Fig. 
2.1B,C). At both ages the histological score increased with loading: 2.8-fold in young and 1.8-
fold in adult mice (loaded and control limbs pooled individually at all time points). Both longer 
duration of loading and higher load level increased the histological score in adult mice. In young 
mice, the response to high peak load was delayed and not apparent until the 6-week time point. 
Cartilage thickness changes varied with location in the tibial plateau. In young mice, 
cartilage thinning was apparent at the posterior aspect of the lateral and medial tibial plateau (Fig. 
2.2A, Supp Table 2.2).  However, cartilage thickness did not change or increased in the loaded 
joint at the anterior aspect of the lateral plateau. Similar changes in cartilage thickness occurred 
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in the adult mice with loading (Fig. 2B, Supp Table 2.1) including increased cartilage thinning at 
the posterior aspect of the lateral tibial plateau, and were promoted by higher load level and 
longer duration of loading. 
 
Figure 2.1 Qualitative (A) and quantitative (B, C) measures of cartilage matrix changes. 
Cartilage damage is evident following mechanical loading in both young and adult mice, and 
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was exacerbated with longer durations and higher level of loading in adult mice (A, Scale bar = 
100 µm). Safranin O/Fast Green staining of the medial side of articular cartilage in young and 
adult mice loaded for 1-, 2- and 6-weeks and at two load levels (4.5N and 9.0N) for adult mice. 
Control images represent the non-loaded contralateral limb at 6-week duration at each respective 
age and load level. Loading increased histological scores in both adult (B) and young (C) mice. 
Duration of loading increased the histological score in adult mice. Load-induced increases in 
histological score depended on load level and duration in adult mice. Data presented as mean ± 
SD.  
^loading, †duration, ‡loading*duration, §loading*load level effect, p<0.05 by repeated measures 
two-way ANOVA for young mice and repeated measures three-way ANOVA for adult mice. 
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Figure 2.2 Localized cartilage thickness for young (A) and adult (B) mice. Safranin O/Fast 
Green images (Scale bar = 100 µm) represent control and loaded limbs at 9.0N for 6-week 
duration at each respective age. Cartilage thinned with loading on the posterior side of the lateral 
 44 
tibial plateau in young mice. Adult mice also underwent cartilage thinning with loading 
posteriorly on the lateral plateau. Higher load level and longer duration of loading increased 
load-induced thinning of laterial-posterior tibial plateau cartilage. Data presented as mean ± SD.  
^loading, †duration, ‡load level, §loading*duration, ¶loading*load level, ♯loading*duration*load 
level effect, p<0.05 by repeated measures two-way ANOVA for young mice and repeated 
measures three-way ANOVA for adult mice. Groups with different letters are significantly 
different by post-hoc means comparisons with Bonferroni correction. 
 
Epiphyseal and Metaphyseal Bone Adaptation 
In addition to cartilage matrix changes, we observed alterations in the epiphyseal cancellous 
bone in response to in vivo tibial loading. In both adult and young mice, loading at 9N decreased 
epiphyseal bone mass with a greater decrease observed in the adult mice compared to the young 
mice (14% versus 4.9%, respectively) (Fig. 2.3). The decreased bone mass was attributable to the 
increased trabecular separation, which translated to decreased trabecular number in adult mice. 
In the adult mice, the decreased bone mass was dependent on the load with greater decrease 
observed in the higher load group (Fig. 2.3D-F).  
In contrast to the epiphyseal bone, metaphyseal bone mass increased by 20% with loading in 
young mice (Fig. 2.4A-C). The increased cancellous bone mass was due to trabecular thickening, 
which increased by 32%. Also, longer duration of loading further increased the trabecular 
thickness. No change in metaphyseal bone mass was present in adult mice (Fig. 2.4D-F); loading 
promoted trabecular thickening, which was counteracted by the increase in trabecular separation 
that inversely related to lower number of trabeculae.  
The adaptive pattern of epiphyseal subchondral cortical bone in response to load differed 
from the pattern observed in the epiphyseal cancellous bone (Fig. 2.5, Supp Tables 1 and 2). In 
contrast to the decreased cancellous bone in response to load, both young and adult mice 
exhibited thickening of the subchondral cortical bone at the posterior-lateral aspect of the tibial 
plateau. On the anterior side, age-dependent subchondral cortical bone changes occurred. In 
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young mice at the end of the 6-week loading duration, subchondral cortical bone thinned while in 
adult mice, the thickness did not change.  
 
Figure 2.3 Epiphyseal cancellous bone microCT measurements from young (A-C) and adult (D-
F) mice. The decreased bone mass was attributable to the increased trabecular separation, which 
translated to decreased trabecular number, in adult mice. Trabecular thickness was not altered by 
loading in both adult and young mice. Data presented as mean ± SD.  
^loading, †duration, ‡loading*duration effect, p<0.05 by repeated measures two-way ANOVA for 
young mice and repeated measures three-way ANOVA for adult mice. Groups with different 
letters are significantly different by post-hoc means comparisons with Bonferroni correction. 
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Figure 2.4 Metaphyseal cancellous bone microCT measures for young (A-C) and adult (D-F) 
mice. Loading increased cancellous mass in young mice through thickening of trabeculae. In 
adult mice cancellous mass was not altered with loading. Data presented as mean ± SD.  
^loading, †duration, ‡loading*duration, §loading*load level, ¶load level*duration, 
♯load*duration*load level effect, p<0.05 by repeated measures two-way ANOVA for young mice 
and repeated measures three-way ANOVA for adult mice. Groups with different letters are 
significantly different by post-hoc means comparisons with Bonferroni correction. 
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Figure 2.5 Localized subchondral cortical bone thickness in young (A) and adult (B) mice. 
Safranin O/Fast Green images (Scale bar = 100 µm) represent control and loaded limbs at 9.0N 
for 6-week duration at each respective age. The subchondral bone thickened with loading at the 
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posterior aspect of the lateral tibial plateau in young mice. Load level and duration affected load-
induced thickening of the subchondral plate on the lateral side. Adult mice also underwent 
subchondral plate thickening with loading at the posterior aspect of the lateral tibial plateau. Data 
presented as mean ± SD.  
^loading, †duration, ‡loading*duration, §duration*load level effect, p<0.05 by repeated measures 
two-way ANOVA for young mice and repeated measures three-way ANOVA for adult mice. 
Groups with different letters are significantly different by post-hoc means comparisons with 
Bonferroni correction. 
 
 
Osteophyte formation 
Mechanical loading also induced periarticular osteophyte formation at the tibial joint margins 
in the 9.0N-loaded limbs of both young and adult mice (Fig. 2.6). After 1 and 2 weeks of loading, 
cartilage was present in the marginal periarticular tissue, which then mineralized after 6 weeks of 
loading. The 4.5N load level did not induce formation of any cartilaginous tissue after 1 or 2 
weeks or any mineralized tissue after 6 weeks of loading in adult mice.   
 
Figure 2.6 Mechanical loading induced osteophyte formation in both young and adult mice at 
the 9.0N load level. The lower load level did not induce osteophyte formation in adult mice. 
Safranin O/Fast Green staining of the medial side of the knee joint in young and adult mice 
loaded for 1-, 2-, and 6-weeks at two different load levels (only for adult mice). Control images 
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represent non-loaded contralateral limbs at 6-weeks of load duration at each respective age and 
load level. Scale bar 200 µm. 
 
2.4 Discussion 
Noninvasive mechanical loading induced cartilage matrix damage, epiphyseal bone 
adaptation, and osteophyte formation in both age groups, recapitulating the morphological and 
anatomic features of OA in both cartilage and bone. Metaphyseal bone adaptation to mechanical 
loading occurred only in the young mice. In addition to gross morphological changes in cartilage, 
cartilage thickness decreased and subchondral cortical bone thickness increased in the posterior-
lateral aspect of the tibial plateau in response to loading in both age groups, while at the anterior 
tibial plateau, age-dependent subchondral cortical thickness changes occurred. Cartilage and 
bone adaptation to loading depended on the load level applied and duration and varied by 
anatomic location.  
Cyclic compressive loading of mouse knee joints induced marked alterations in the cartilage 
matrix, including fibrillation and thinning as well as altered Safranin O staining that reflected 
compositional changes in proteoglycan content. Similar cartilage changes were reported 
previously in vivo with tibial loading and long duration treadmill running [17, 25], but 
subchondral bone changes were not assessed. Compared to treadmill running, tibial loading 
applies compression to the knee in a flexed loading position and does not replicate the full range 
of motion experienced during locomotion.  In addition to the load-induced cartilage alterations, 
we demonstrated that the high load magnitude resulted in differential joint tissue responses in 
young and adult mice, including the extent of cartilage damage, subchondral cortical bone 
adaptation, and osteophyte formation. In an injurious model of tibial impact loading that 
noninvasively induced ACL injury in young mice [26], the cartilage and bone adaptive changes 
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were more severe than in our adult high load group and included considerable ectopic bone 
formation. In contrast to our data for moderate load levels, the observed benefits of exercise 
activities in rodent models for short duration [6, 7] suggest that either the in vivo loads 
engendered with exercise are lower than 4.5N or our model is not replicating the beneficial 
aspect of exercise loading. 
Alterations in the composition and structural integrity of cartilage matrix in response to 
loading also have been demonstrated in vitro.  For example, high load levels and long durations 
of cyclic loading increase chondrocyte death in the superficial zones of bovine cartilage explants 
[27] and acute impact loading increases proteoglycan release and chondrocyte death [28-30]. We 
also noted in our study that proteoglycan loss and cartilage thinning (Fig. 2.1) increased with 
mechanical loading and continued throughout the study period.  
Our study did not permit us to define whether the cartilage alterations that we observed 
depended on the changes in the subchondral bone. However, our findings with limbs loaded for 6 
weeks at 9.0N in both young and adult mice demonstrate that the anatomic sites of subchondral 
cortical bone thickening correspond to the regions of cartilage thinning, suggesting that each 
tissue responds to the local mechanical environment and to reciprocal changes in the other tissue. 
Other studies have shown that cartilage degeneration is reduced when subchondral bone turnover 
and associated increases in cortical thickness are suppressed by alendronate treatment in OA 
animal models, providing evidence that subchondral bone properties can affect the state of 
articular cartilage [31, 32].  Clinical observations confirm the anatomic association of cartilage 
damage and subchondral bone sclerosis and increased bone mineral density in the hip and knee 
joints of OA patients [33]. Radin and Rose [34] suggested that the increased stiffness in 
subchondral bone tissue and the associated changes in the shape and contour of the subchondral 
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plate may adversely affect the capacity of the adjacent articular cartilage to adapt to mechanical 
loads. Consistent with our findings, recent studies in surgical and spontaneous animal models 
have shown a close relationship between the process of cartilage damage and subchondral bone 
histomorphometry [35, 36]. Our results demonstrating that regions of increased cortical 
subchondral thickness in the posterior aspect of tibial plateau correspond with sites of cartilage 
thinning provide evidence that both tissues respond to the local loading environment. They 
cannot, however, establish that the changes in the bone are responsible for the alterations in the 
cartilage or vice versa. 
Thickening of the subchondral cortical bone in the loaded limb also may have contributed to 
the decreased epiphyseal cancellous bone mass, by stress shielding of the underlying epiphyseal 
bone. In contrast to our results, other studies showed that epiphyseal cortical bone mass 
decreases at the onset of early OA and subsequently increases at later stages [37, 38]. These 
apparently inconsistent observations may reflect differences in the time of tissue sampling after 
induction of mechanical alterations, but also may be related to additional features of these 
models, including, for example, surgical insult or chemically induced inflammation [18, 19]. 
The subchondral cortical bone on the posterior aspect of the tibial plateau that was thickened 
with loading corresponds to the location where the femoral condyles contact the plateau in the 
flexed loading position, indicating that loading is likely the primary cause of the subchondral 
bone changes. Loading in the posterior tibial plateau during flexion of the knee has been 
documented in studies of human kinematics in vivo [39, 40]. Similar to flexion kinematics in 
human knees, mouse femurs translate to the posterior tibial plateau due to the presence of the 
posterior cruciate ligament [41]. As a result, flexed knees in our loading model likely experience 
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cyclic compression at the posterior tibial plateau, the location of subchondral cortical bone 
thickening.   
In addition to subchondral cortical and cancellous bone changes, the loaded joints formed 
periarticular osteophytes. Clinically, osteophytes are a radiographic and anatomic hallmark of 
OA. Osteophytes are believed to form in response to local mechanical influences at the joint 
margins but their role in joint load bearing is unclear. With in vivo tibial loading, osteophytes 
formed at the joint margins only at the high (9N) load level and not in limbs subjected to the 
moderate (4.5N) load, at least up to 6 weeks. Similar results were reported in models of severe 
joint instability [42]. However, these results contrast with studies reporting osteophyte formation 
with reduced levels of loading. For example, immobilization of rabbit knees resulted in cartilage 
degeneration and osteophyte formation [43, 44]. Further evidence indicating that joint 
immobilization can adversely affect cartilage homeostasis is provided by the observation that 
patients with limited mobility due to ankle arthrodesis or spinal cord injury have increased 
incidence of cartilage-associated OA features [45, 46].  
Alterations in articular cartilage and subchondral bone reported in mice were observed in 
other OA murine models with altered joint loading environments, such as treadmill running, 
destabilization of medial meniscus (DMM), collagenase injection, or articular fracture [19]. Loss 
of proteoglycan content and cartilage fibrillation due to mechanical loading in our study is 
similar to cartilage changes in mice after 18 months of treadmill running or 4 weeks post-DMM 
surgery [25, 47]. Decreased epiphyseal cancellous mass was observed at early time points in 
mice injected with collagenase [37]. However, treadmill running, DMM surgery, and collagenase 
injection showed limited osteophyte formation in mice, whereas our controlled loading protocol 
consistently induced osteophyte formation. The location and characteristics of osteophytes were 
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similar to mice injected with TGF-β, suggesting that loading may induce signaling that promotes 
TGF-β and induces osteophyte formation in our model [48].  
The metaphyseal cancellous bone changes that we observed are consistent with findings from 
previous studies in young male mice, indicating the robustness and reproducibility of our model 
[20, 49]. Unlike our findings in young mice, metaphyseal bone mass in adult mice did not 
increase with loading in our study. A previous report demonstrated increased cancellous bone 
mass in response to mechanical loading in adult female mice of a similar age, but the response to 
loading was reduced compared to that in young female mice [22]. Thus, in the adult male mice 
used in our study, the loading responses in the metaphyseal cancellous region may reflect gender 
differences or the effects of aging that may contribute to reduced mechano-responsiveness.  
Further studies are needed to identify both the mechanical and biological mechanisms 
underlying the load-induced alterations. Additional mechanical characterization involving 
different loading protocols, stiffness mapping, joint displacements, and contact stress mapping 
during loading could provide insights into the underlying mechanisms responsible for the 
observed changes in joint tissues. Also, protein and gene expression patterns in chondrocytes of 
mechanically loaded joints should be related to tissue level responses to define the biological 
mechanisms. The robustness and repeatability of our model, which permits the use of controlled, 
non-invasive mechanical loading protocols, provides a unique experimental system for defining 
the relationships between mechanical loading and biological responses that influence cartilage, 
bone, and other joint tissues in animal models of OA. Elucidating mechanical and biomolecular 
pathways may lead ultimately to the development of non-pharmacological and pharmacological 
interventions to treat OA in clinical settings. 
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Chapter 2 Supplementary Material 
 
Table 2.1. Localized thickness (µm) of articular cartilage and subchondral cortical bone in adult mice. Data presented as mean ± SD. 
aloading, bduration, cload level, dloading*duration, eloading*load level, fduration*load level, gloading*duration*load level effect, 
p<0.05 by repeated measures three-way ANOVA 
 
4.5N 9.0N 
1 week 2 weeks 6 weeks 1 week 2 weeks 6 weeks 
Loaded Control Loaded Control Loaded Control Loaded Control Loaded Control Loaded Control 
A
rti
cu
la
r C
ar
til
ag
e 
La
te
ra
l Anteriorb,c,e 75 ± 7 81 ± 8 77 ± 8 78 ± 15 65 ± 10 71 ± 11 96 ± 10 77 ± 6 87 ± 15 82 ± 10 82 ± 12 72 ± 7 
Middleb 100 ± 8 91 ± 10 93 ± 9 90 ± 6 94 ± 6 90 ± 5 103 ± 6 94 ± 8 95 ± 7 91 ± 4 88 ± 11 98 ± 12 
Posteriora,c,d,e,g 108 ± 10 108 ± 10 105 ± 9 99 ± 10 111 ± 14 108 ± 9 86 ± 9 102 ± 13 96 ± 12 98 ± 18 71 ± 15 108 ± 10 
M
ed
ia
l Anterior 99 ± 5 100 ± 8 101 ± 10 104 ± 8 101 ± 6 99 ± 9 108 ± 11 104 ± 9 106 ± 5 103 ± 12 97 ± 11 102 ± 6 
Middlea,d,g 100 ± 11 105 ± 13 100 ± 9 104 ± 12 104 ± 14 100 ± 10 99 ± 11 109 ± 6 93 ± 12 101 ± 8 89 ± 11 115 ± 11 
Posteriora,b 104 ± 10 95 ± 5 86 ± 12 96 ± 16 87 ± 10 92 ± 12 86 ± 19 101 ± 17 83 ± 23 85 ± 8 74 ± 7 96 ± 17 
 
4.5N 9.0N 
1 week 2 weeks 6 weeks 1 week 2 weeks 6 weeks 
Loaded Control Loaded Control Loaded Control Loaded Control Loaded Control Loaded Control 
Su
bc
ho
nd
ra
l C
or
tic
al
 
B
on
e L
at
er
al
 Anterior 38 ± 13 41 ± 14 39 ± 13 45 ± 15 33 ± 7 32 ± 10 28 ± 9 28 ± 4 31 ± 16 39 ± 9 34 ± 17 36 ± 8 
Middleb,d 47 ± 8 49 ± 15 64 ± 24 61 ± 27 30 ± 7 34 ± 12 49 ± 19 47 ± 14 42 ± 21 39 ± 6 24 ± 16 49 ± 20 
Posteriora,b,d,f 53 ± 9 49 ± 17 71 ± 18 43 ± 12 70 ± 29 37 ± 14 40 ± 11 33 ± 6 55 ± 10 35 ± 8 84 ± 13 41 ± 16 
M
ed
ia
l Anteriorb,c 87 ± 28 58 ± 19 89 ± 39 81 ± 18 49 ± 10 48 ± 26 61 ± 29 58 ± 25 62 ± 29 47 ± 5 30 ± 30 50 ± 17 
Middlea,b 90 ± 39 97 ± 34 80 ± 54 88 ± 36 46 ± 20 39 ± 15 62 ± 27 67 ± 32 71 ± 35 83 ± 45 36 ± 23 68 ± 36 
Posterior 50 ± 14 41 ± 18 49 ± 14 55 ± 31 47 ± 13 42 ± 13 42 ± 22 28 ± 11 47 ± 13 45 ± 7 54 ± 26 57 ± 21 
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Table 2.2. Localized thickness (µm) of articular cartilage and subchondral cortical bone in young mice. Data presented as mean ± SD. 
aloading, bduration, cloading*duration, p<0.05 by repeated measures two-way ANOVA 
 
9.0N 
1 week 2 weeks 6 weeks 
Loaded Control Loaded Control Loaded Control 
A
rti
cu
la
r C
ar
til
ag
e 
La
te
ra
l Anteriora 91 ± 9 84 ± 17 95 ± 10 80 ± 10 92 ± 15 88 ± 17 
Middle 102 ± 12 101 ± 7 102 ± 4 95 ± 11 99 ± 8 98 ± 7 
Posteriora 80 ± 12 104 ± 16 68 ± 10 105 ± 17 83 ± 13 111 ± 7 
M
ed
ia
l Anteriora 99 ± 13 104 ± 8 96 ± 6 103 ± 5 98 ± 11 102 ± 10 
Middlea 82 ± 17 102 ± 9 91 ± 16 106 ± 15 82 ± 6 110 ± 9 
Posteriora 70 ± 16 89 ± 19 84 ± 17 103 ± 19 76 ± 8 90 ± 16 
 
9.0N 
1 week 2 weeks 6 weeks 
Loaded Control Loaded Control Loaded Control 
Su
bc
ho
nd
ra
l C
or
tic
al
 
B
on
e L
at
er
al
 Anteriorb,c 51 ± 13 40 ± 18 31 ± 11 36 ± 7 22 ± 7 40 ± 12 
Middlea,c 52 ± 24 49 ± 7 38 ± 10 45 ± 11 25 ± 11 46 ± 10 
Posteriora,c 39 ± 6 35 ± 8 55 ± 21 40 ± 13 64 ± 16 33 ± 16 
M
ed
ia
l Anteriora,c 64 ± 27 61 ± 27 49 ± 28 56 ± 19 20 ± 10 54 ± 25 
Middle 61 ± 14 60 ± 29 53 ± 14 53 ± 12 42 ± 20 67 ± 8 
Posteriora 41 ± 7 37 ± 15 52 ± 15 38 ± 11 57 ± 22 38 ± 15 
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Figure 2.1 (A) Schematic of mouse tibial loading configuration, (B) 4.5N and 9.0N loading wave forms, and (C) rendering of 
microCT scan of a flexed mouse knee indicating the location of joint contact with loading is in the posterior regions of the tibial 
plateau. 
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Figure 2.2 Epiphyseal cancellous bone tissue mineral density (mg HA/cm3) from young (A) and adult (B) mice. Data presented as 
mean ± SD. ^loading, †duration, ‡load level, §loading*duration, ¶loading*load level, p<0.05 by repeated measures two-way ANOVA 
for young mice and repeated measures three-way ANOVA for adult mice. Groups with different letters are significantly different by 
post-hoc means comparisons with Bonferroni correction. 
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Figure 2.3 Metaphyseal cancellous bone tissue mineral density (mg HA/cm3) from young (A) and adult (B) mice. Data presented as 
mean ± SD. ^loading, †duration, ‡loading*duration, p<0.05 by repeated measures two-way ANOVA for young mice and repeated 
measures three-way ANOVA for adult mice. Groups with different letters are significantly different by post-hoc means comparisons 
with Bonferroni correction. 
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CHAPTER 3 
PROGRESSIVE CELL-MEDIATED CHANGES IN ARTICULAR CARTILAGE AND 
BONE IN MICE ARE INITATED BY A SINGLE SESSION OF CONTROLLED 
CYCLIC COMPRESSIVE LOADING 
 
3.1 Introduction 
The mechanical loading environment plays a crucial role in the development of osteoarthritis 
(OA). Population cohorts with histories of traumatic joint injuries such as ligament tears have a 
higher incidence of OA that has been attributed to the resultant alteration in joint mechanics (1). 
Similarly, excessive physical activity associated with occupational characteristics or athletic 
activity is associated with an increased incidence of OA (2). Several in vivo animal models have 
demonstrated that creation of an adverse mechanical loading environment is strongly associated 
with the development of OA. For example, strenuous running in mice and dogs produces 
articular cartilage degeneration and peri-articular bone changes (3, 4), while less strenuous 
running prevents the onset of OA (5, 6). In addition, in vitro studies showed a single injurious 
impact loading of cartilage explants decreases cell viability and increases production of catabolic 
mediators such as MMPs and aggrecanases (7-9), suggesting that a single event of traumatic 
loading can produce sustained adverse effects on chondrocyte viability and function. 
In noninvasive mouse models that uses controlled joint loading protocols, both cyclic and 
single injurious loading protocols promoted OA pathology in mouse joints similar to humans, 
such as cartilage loss, subchondral bone alterations, and osteophyte formation (10-13). While a 
single 12N peak load in the single injurious loading protocol induced traumatic damage at the 
anterior cruciate ligament, cyclic loading protocols with peak loads at 9N for a total of 1200 
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cycles/day did not demonstrate any observable traumatic damage at the beginning of loading 
session.  
In a mouse model of controlled mechanical loading of the knee joint, we previously showed 
that daily cyclic compressive loading produces changes in tibial subchondral bone within 2 
weeks and initiates proteoglycan loss in the cartilage over a 6-week period (12). In these studies, 
it was unclear whether the cartilage and bone changes were related to the adverse effects of 
repetitive traumatic joint tissue injury or whether the initial joint loading was sufficient to initiate 
a cell-mediated process that was responsible for the subsequent pathologic alterations. The 
present studies were undertaken to address this question by assessing the changes in cartilage and 
peri-articular bone following a single 5-minute session of in vivo mechanical loading using the 
same loading protocol employed in our previous studies. We hypothesized that a single loading 
session would not create traumatic physical damage in the articular cartilage and subchondral 
bone immediately after loading, but would initiate cell-mediated processes leading to progressive 
cartilage and bone OA pathology at later time points. 
 
3.2 Materials and Methods  
Mechanical Loading Conditions 
We applied a single session of controlled in vivo compressive loading to the left tibiae of 26-
week-old C57Bl/6 male mice (n = 21, Jackson Laboratories, Bar Harbor, ME) at a peak load 
level of 9.0N and frequency of 4Hz for 1200 cycles (5 minutes) under general anesthesia (2% 
Isoflurane, 1.0 L/min, Webster). The applied loading was based on protocols demonstrated 
previously to create articular cartilage degeneration (12) and to have an anabolic effect on the 
tibial metaphysis in growing and adult mice (14-16). The left limb was loaded; the right limb 
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served as the non-loaded control. To assess immediate, cell-mediated changes in response to 
mechanical loading, analyses were performed at three times (T) after the single loading session: 
T = 0 (approximately 1 hour after the single loading session), 1- and 2-weeks (n = 7/group) on 
intact knee joints fixed in 4% PFA overnight (Fig 3.1). All experimental procedures were 
approved by the Institutional Animal Care and Use Committee. 
 
Figure 3.1 (A) Overview of the loading and euthanasia time points, (B) schematic of mouse 
tibial loading configuration, and (C) in vivo loading waveform used in the study for 1200 cycles.  
 
Articular Cartilage and Bone Tissue Assessment 
     After tissue fixation in 4% PFA overnight, intact joints were scanned by microcomputed 
tomography (microCT) at 10 µm resolution (µCT35, Scanco, Switzerland) with an X-ray tube 
potential of 55 kVp in PBS to assess bone morphological changes. Knee joints were then 
decalcified in formic acid/sodium citrate for one week, dehydrated in an ethanol gradient, and 
embedded in paraffin. Serial coronal sections of 6 µm thickness were obtained using a rotary 
microtome (Leica RM2255, Germany). Safranin O/fast Green/hematoxylin staining was 
performed on sections at 90 µm intervals to assess cartilage morphology. Cartilage degeneration 
was assessed in the tibial plateau using a modified murine cartilage histological scoring system 
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(17). The presence of osteophytes was identified by the changes in peri-articular bone and 
articular morphologies in sections used for histological scoring. The presence of synovial 
inflammation at the joint margins was examined by hematoxylin and eosin staining.  
Localized thickness measurements for articular cartilage and subchondral cortical bone were 
performed on Safranin O/Fast green-stained slides previously used for histological scoring 
(Osteomeasure, OsteoMetrics, USA). The tibial plateau was first divided into medial and lateral 
halves, then further subdivided into anterior, middle, and posterior regions, resulting in six tibial 
plateau regions for evaluation. A single representative slide from each region was used to 
measure cartilage and subchondral cortical bone thickness. Five linear projections from the 
cartilage surface to the boundary between the cartilage and subchondral bone were used to 
measure cartilage thickness (Ca.Th, µm). The projections were extended into the subchondral 
bone to measure the subchondral bone thickness (Sub.Pl, µm) (12).  
Cancellous bone morphology was assessed in two volumes of interest (VOI) of the microCT 
scans: the tibial metaphysis and epiphysis. The metaphysis VOI was located distal to the growth 
plate extending 10% of the total bone length, excluding primary spongiosa and cortical bone. 
The epiphysis VOI was the cancellous tissue proximal to the growth plate. The global threshold 
was set at 3900 HU and 3200 HU to segment mineralized tissue from epiphyseal and 
metaphyseal regions, respectively. Trabecular bone from both VOIs was selected by manually 
contouring inside the cortical bone. For each region, cancellous bone volume fraction (BV/TV, 
mm3/mm3), trabecular thickness (Tb.Th, µm) and separation (Tb.Sp, µm) were measured.  
 
Cellular Responses  
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Immunohistochemistry was performed to assess cellular changes in cartilage and subchondral 
bone following the single session of loading. The effects of loading on chondrocyte phenotype 
were assessed by examination of cell morphology and expression of the autophagy-associated 
protein, lapidated microtubule-associated light change (LC3) using the LC3 antibody (Abcam, 
Cambridge, MA). Osteoclasts associated with localized regions of bone resorption were 
identified using an antibody to cathepsin K (Abcam, Cambridge, MA). To assess the effects of 
the loading on synovial pathology, tissue sections were examined for the presence of synovial 
lining hyperplasia and for the presence of inflammatory cell infiltration. Immunohistochemistry 
was applied to three sections, one section each from the anterior, middle, and posterior aspects of 
the tibial plateau. Sections were dewaxed, rehydrated, and incubated with 1% pepsin at 37°C for 
antigen retrieval for detection of LC3. No antigen retrieval was performed for cathepsin K. 
Sections were subsequently incubated with 1.5% goat serum for 30 minutes at room temperature 
and immunostained overnight at 4°C with the respective primary antibody or IgG as a negative 
control. Secondary antibody incubation and color development were done with avidin/biotin 
complex (Vector Labs, Burlingame, CA). Chondrocytes that stained positively for LC3 were 
counted under 40x magnification on both medial and lateral halves of tibial cartilage, normalized 
to total tibial cartilage area, and averaged for all three sections (Chon.N/CA, #/mm2). Osteoclasts 
that positively stained for cathepsin K with at least two nuclei counterstained with hematoxylin 
were counted within epiphyseal cancellous bone, normalized to the epiphyseal bone cancellous 
surface area, and averaged over the three sections (OC.N/BS, #/mm).  
 
Statistics  
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Statistical analyses were performed using repeated measures two-way ANOVA with 
interactions (JMP Pro 10.0, SAS Institute Inc), with Loading as the intra-group variable, and 
Time as an inter-group variable. Post-hoc comparisons of means were performed with Bonferroni 
correction when interaction effects were significant. P-values of < 0.05 indicated significance. 
      
3.3 Results  
Articular Cartilage Matrix Changes 
Articular cartilage damage was first evident in the loaded limbs after 1 and 2 weeks (Fig. 
3.2A). The histological scores of loaded limbs increased 2.6-fold after 1 week and 4.2-fold after 
2 weeks compared to control limbs. The severity of the damage in the loaded limbs was similar 
at 1 and 2 weeks (Fig. 3.2B), with damage mainly localized to the medial peripheral edge of the 
articular surface.  
Articular cartilage thinning in both lateral and medial compartments occurred only in the 
posterior aspect of the tibial plateau of loaded joints (Fig. 3.2C). Lateral-posterior articular 
cartilage was 17% thinner in loaded limbs compared to control limbs. Control limbs did not 
undergo cartilage degeneration at any time point, as indicated by similar histological score and 
cartilage thickness.   
We next examined the effects of loading on the expression of LC3, a marker of chondrocyte 
autophagy. Chondrocyte immunostaining for LC3 decreased at 1 and 2 weeks in the loaded 
limbs following the single loading session compared to T = 0 (Fig. 3.2D). Chondrocyte LC3 in 
the loaded limbs was reduced by 76% at 1-week and 85% at 2-weeks compared to the control 
limb. The decrease in LC3-positive chondrocytes was similar after 1 and 2 weeks of loading, but 
no change was observed across all time points in non-loaded control limbs (Fig. 3.2E).  
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Figure 3.2 Progressive cartilage degeneration occurred following a single loading session in 
adult mice with no observable immediate physical damage (A, B). Loading also thinned articular 
cartilage (Ca.Th) at the lateral posterior quadrant (C). Chondrocyte LC3 expression (Chon.N/CA) 
decreased 1 and 2 weeks after the single loading session but not at time T=0 (D, E). Control 
images represent a non-loaded contralateral limb at each time point. Scale bar = 100 µm. Data 
presented as mean ± SD.  
^loading, †time, §loading*time, p<0.05 by repeated measures two-way ANOVA. Groups with 
different letters are significantly different by post-hoc comparisons of means with Bonferroni 
correction. 
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Epiphyseal and Metaphyseal Bone Adaptation 
Epiphyseal bone architecture was altered following a single loading session. No change was 
observed at any time point in control limbs. In the loaded limbs, epiphyseal cancellous bone 
mass decreased by 12% after 1 week, but returned to control levels by 2 weeks (Fig. 3.3A). The 
decreased epiphyseal bone mass at 1 week was attributable to an 8% decrease in trabecular 
thickness without an increase in trabecular separation (Fig. 3.3A). The decrease was also 
associated with an increase in surface osteoclast numbers. Metaphyseal bone mass was 
unchanged in the loaded and control limbs (Fig. 3.3B). Medial posterior subchondral cortical 
bone thickness decreased by 26% after mechanical loading (Fig. 3.3C). Osteoclast numbers in 
the epiphysis of loaded limbs increased by 2.4-fold at 1 week and by 1.4-fold at 2 weeks after the 
single loading session (Fig. 3.3D, E).  
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Figure 3.3 In the epiphysis loading decreased epiphyseal cancellous mass (BV/TV) in adult mice 
at 1-week. This change was due to decreased trabecular thickness (Tb.Th) at 1-week, not to 
increased trabecular separation (Tb.Sp) (A). Metaphyseal bone mass (BV/TV) did not change 
with loading (B). Medial posterior subchondral cortical bone thickness (Sub.Pl) decreased with 
loading (C). Osteoclast number (OC.N/BS) increased in the epiphysis with loading (D, E). Scale 
bar = 200 µm. Data presented as mean ± SD.  
^loading, †time, §loading*time, p<0.05 by repeated measures two-way ANOVA. Groups with 
different letters are significantly different by post-hoc comparisons of means with Bonferroni 
correction. 
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Osteophyte Formation 
Osteophytes developed at the joint margins following a single loading session in all loaded 
limbs. Fibrous tissue was evident at the joint margins at 1 week. By 2 weeks, cartilaginous tissue 
at the joint margins was evident, indicative of early osteophyte formation (Fig 3.4).  
 
Figure 3.4 A single 5 minute loading session induced osteophyte formation (black arrowheads) 1 
and 2 weeks later, but not at time T=0. Scale bar 400 µm. 
 
Synovial Inflammation 
Synovial hyperplasia or lymphocyte infiltration was not evident in any of the animals at any 
time point (Fig 3.5).  
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Figure 3.5 A single 5-minute loading session did not induce synovial inflammation indicated by 
the absence of synovial hyperplasia and lymphocyte infiltration in the synovium at 1 and 2 
weeks after the single loading session. Location of the high magnification image indicated by the 
black boxes. Scale bar 100 µm. 
 
3.4 Discussion 
A single loading session did not create immediate physical damage to the articular cartilage 
or epiphyseal bone of adult mouse knee joints. Increased cartilage damage was detected at 1 
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week, progressed by 2 weeks after loading, and was accompanied by reduced epiphyseal 
cancellous mass at 1 week associated with increased osteoclast numbers. The epiphyseal bone 
changes were no longer detectible by week 2. The brief loading session initiated new fibrous 
tissue formation at the joint margins that was first detected at 1 week. By week 2, cartilaginous 
tissue was present at the joint margins, indicative of early osteophyte formation.  
Our results demonstrate that a single episode of mechanical loading can initiate a cell-
mediated process leading to cartilage degeneration and bone adaptive changes that evolve over a 
one- to two-week interval. Controlled mechanical loading applied to the mouse knee in other 
models showed similar changes in the articular cartilage matrix, including loss of proteoglycans 
and surface fibrillation (10, 11). However, the alterations in the peri-articular bone differed, 
likely related to differences in the loading protocol parameters used in the other studies.  For 
example, the studies by Poulet et al. included an extended rest period of 10 seconds between 
loading cycles and noted limited osteophyte development at the joint margins 2 weeks after a 
single loading session (10), whereas in our study all mice developed osteophytes with a shorter 
rest insertion period of 0.25 second between loading cycles. Christiansen et al. (11) used higher 
peak loads (12N) and observed the development of heterotopic ossification and anterior cruciate 
ligament injury, responses that were not observed in our animals using lower loads.  
In our previous study, mice loaded at a peak load of 4.5N demonstrated mild cartilage 
fibrillation without the formation of osteophytes in the knee despite daily loading for 6 weeks 
(12). In contrast, mouse knees loaded daily at 9N for 6 weeks exhibited more extensive and 
severe cartilage degeneration and developed mineralized osteophytes at joint margins (12). 
Similarly, the surgically induced mouse models of OA, such as destabilized medial meniscus 
(DMM) and ACL transection, show more advanced degenerative cartilage changes at 8 weeks 
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post-operatively compared to 4 weeks (18, 19). Our evaluation was limited to two weeks, since 
our primary objective was to test whether a single loading episode was sufficient to initiate the 
development of OA cartilage and bone pathology. Further studies are needed to establish 
whether the pathologic cartilage changes that we observed after 2 weeks will progress at later 
time points or whether a component of the pathology is reversible. In addition, investigating the 
contributions of loading rate, peak load, frequency, and total number of cycles to changes in the 
mouse joint will provide a better understanding of the role of the mechanical environment on the 
cartilage and bone changes and osteophyte formation.  
Similar to reports by others (20), we observed abundant constitutive immunoreactive LC3 in 
the superficial zone chondrocytes in the control limbs. LC3 is one of several molecules involved 
in the regulation of cell autophagy. Chondrocyte autophagy has been suggested to play a role in 
repairing damaged macromolecules and organelles, and through this mechanism, contributes to 
the preservation of cartilage homeostasis (20-22). This speculation is supported by the 
observation that restoring autophagy-related activity through pharmacological intervention 
targeting the mTOR signaling pathway reduced the severity of OA in mice subjected to DMM 
surgery (23). While chondrocyte autophagy is also suggested to prevent chondrocyte apoptosis, 
we did not observe increased chondrocyte apoptosis following a single loading session despite 
the marked reduction in LC3 (data not shown). Our findings do not establish a causal 
relationship between the decrease in LC3 and de-regulated chondrocyte function, but do provide 
further evidence that this pathway may be important in maintaining chondrocyte homeostasis 
under conditions of joint loading or injury.  
A single session of loading also produced alterations in the subchondral bone that evolved 
over the first week. The decreased epiphyseal cancellous mass at 1 week was primarily 
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attributable to thinning of trabeculae that was not associated with increased trabecular separation. 
These changes were associated with increased osteoclast number. Kennedy et al. (24) examined 
the effects of cyclic loading on rat ulnae and observed up-regulation of osteoclastic resorption in 
regions of microdamage. This effect was accompanied by the appearance of osteocyte apoptosis 
at these sites and up-regulation of osteoclast-inducing factors in adjacent viable osteocytes. We 
did not directly examine the subchondral bone for evidence of microdamage or effects on 
osteocyte viability after the acute loading session. The decrease in the epiphyseal bone at week 1 
was no longer detectible at week 2 suggesting that, unlike the cartilage, the bone pathology was 
reversible. This discrepancy may reflect the differential capacity of cartilage and bone to remodel 
and repair their extracellular matrices.  
Since the single episode of loading did not acutely affect the structure or architecture of the 
articular cartilage and the subchondral and peri-articular bone, the sequential changes in these 
tissues must be dependent on the activities of the resident cell types. In addition to effects on 
articular chondrocytes, epiphyseal osteoclasts, and cells at the joint margin that give rise to 
osteophytes, the activation of synovial inflammation and possible effects on the meniscus and 
other joint tissues may contribute to the altered functional properties of the cells in cartilage and 
bone through the release of soluble mediators that de-regulate the functional activities of these 
cells (25). We did not detect significant signs of inflammation in the synovial tissue or menisci, 
but this does not exclude their potential roles in contributing to the de-regulated function of the 
chondrocytes.   
In conclusion, articular cartilage and subchondral bone in mice did not show morphological 
and compositional alterations immediately after 5 minutes of mechanical loading. Changes were 
evident in loaded limbs 1 and 2 weeks later, consistent with the induction of cell-mediated 
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processes in these joint tissues that led to the development of progressive OA pathologic changes. 
Notably the cartilage pathology progressed over the two-week period, whereas the epiphyseal 
subchondral changes were transient. We speculate that these may be related in part to the 
differential capacity of the resident cells to remodel and repair the tissue damage. Future studies 
are needed to define the threshold for induction of bone and cartilage pathology and to define the 
specific loading parameters that are involved in the initiation of these pathological changes. 
Importantly, this model provides a system for assessing the effects of pharmacological 
interventions such as pro-autophagy or anti-resorptive drugs to gain insights into the 
pathophysiological mechanisms involved in the bone and cartilage changes and for identifying 
potential therapeutic interventions to prevent the potential adverse effects of mechanical loading.  
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CHAPTER 4 
ABLATION OF DICKKOPF-1 DOES NOT PROTECT ARTICULAR CARTILAGE 
FROM DEGENERATION FOLLOWING IN VIVO MECHANICAL LOADING 
 
4.1 Introduction 
The Wnt pathway plays a critical role in the development and maintenance of 
musculoskeletal tissues, in particular bone and cartilage. Wnt protagonists are increased during 
early embryonic development and skeletal maturation, whereas antagonists such as Dickkopf-1 
(Dkk1), Wifs, and sclerostin are decreased [1]. Disruption of Wnt signaling pathway can lead to 
severe developmental defects as well as postnatal skeletal problems such as osteoporosis-
pseudoglioma syndrome, sclerosteosis, and osteoarthritis (OA) [2-4].  
OA is the leading musculoskeletal problem among the elderly population. Recent findings 
suggest the bone and cartilage unit at the joint undergo dramatic alterations that are associated 
with changes in Wnt pathway activity [5]. Elevated levels of Frizzled B and Dkk1 are associated 
with less severe OA and microarray studies show elevated levels of sclerostin expression in 
subchondral bone from OA patients [6-8]. As a result, Wnt inhibitors such as sclerostin or Dkk1 
have been proposed as pharmaceutical interventions to treat OA [9].  
While sclerostin has not been shown to prevent or promote OA from preclinical studies [10], 
alterations in Dkk1 in mice and humans have suggested as a possible therapeutic target for OA. 
However, both clinical and preclinical studies show contrasting association of Dkk1 levels in OA 
development. Clinically elevated serum levels of Dkk1 can be associated with less OA, and 
preclinical studies showed that mice expressing high levels of Dkk1 led to less severe OA, 
respectively [6, 11]. In contrast to a potential protective role of Dkk1, expressing high levels of 
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Dkk1 in mice increased chondrocyte hypertrophy leading to increased levels of aggrecanases and 
cartilage degeneration, whereas mice receiving Dkk1 antisense showed chondrocyte apoptosis 
from joint inflammation [12, 13]. While genetic knockout mice have been extensively used to 
understand OA pathomechanisms, Dkk1 knockout mice are embryonically lethal, further limiting 
our understanding of Dkk1 in the development and progression of OA.  
Complete ablation of Dkk1 results in developmental defects in mice, leading to embryonic 
lethality. However, deletion of one allele of Wnt3 rescues embryos from the defect in head 
morphogenesis with Dkk1 knockout alone, creating a novel viable animal model [14]. Wnt3+/-
;Dkk1-/- mice exhibit high bone mass, while no bone phenotypic differences have been reported 
between Wnt3+/-;Dkk1+/+ and Wnt3+/+;Dkk1+/+ (wild type). No study to date has examined the 
role of Wnt3, Dkk1, and mechanical loading in articular cartilage and subchondral bone 
homeostasis. Thus, we investigated the role of Dkk1 in the articular cartilage and subchondral 
bone response to controlled cyclic tibial loading that induces OA-like joint changes in healthy 
mouse knee joints [15]. We hypothesized that the absence of Dkk1 would lead to increased 
articular cartilage degeneration and accelerated OA development.  
 
4.2 Materials and Methods  
Mechanical Loading Conditions 
We applied two weeks of daily (5 days/week) controlled in vivo compressive loading to the 
left tibiae of 10-week-old male mice with three genotypic background: WT (Wnt3+/+;Dkk1+/+), 
Wnt3 (Wnt3+/-;Dkk1+/+), and Dkk1 KO (Wnt3+/-;Dkk1-/-) mice (n = 7-8/group, Table 4.1). 
Loading protocol consisted of applying a peak load level of 9.0N, frequency at 4Hz for 1200 
cycles (5 minutes) under general anesthesia (2% Isoflurane, 1.0 L/min, Webster). The applied 
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loading was based on protocols demonstrated previously to create articular cartilage 
degeneration and have an anabolic effect on the tibial metaphysis in growing and adult mice [15-
18]. The right limb served as the non-loaded control. After 2 weeks of loading, mice were 
euthanized, and intact knee joints were fixed in 4% paraformaldehyde overnight. All 
experimental procedures were approved by the Institutional Animal Care and Use Committee. 
Table 4.1 Experimental groups by genotype allele and respective final body mass, tibial lengths, 
the number of osteophyte occurrences at the end of 2-week loading session.  
Experimental Group WT Wnt3 Dkk1 KO 
Genotype Wnt3+/+;Dkk1+/+ Wnt3+/−;Dkk1+/+ Wnt3+/−;Dkk1−/− 
Body Mass (g) 33.9 ± 4.9 37.9 ± 4.3 31.3 ± 4.9 
Tibial Length (mm) 
Right 17.9 ± 0.58 17.9 ± 0.38 17.2 ± 0.12 
Left 18.0 ± 0.40 18.0 ± 0.32 17.3 ± 0.18 
Osteophytes (# of 
occurrences/sample size) 4/8 3/7 7/7 
 
 
Cartilage and Subchondral Bone Assessment 
     After tissue fixation overnight, intact joints were scanned by microcomputed tomography 
(microCT) at 10 µm resolution (µCT35, Scanco, Switzerland) with an X-ray tube potential of 55 
kVp in PBS to assess bone morphological changes. Knee joints were then decalcified in formic 
acid/sodium citrate for one week, dehydrated in an ethanol gradient, and embedded in paraffin. 
Serial coronal sections of 6 µm thickness were obtained using a rotary microtome (Leica 
RM2255, Germany). Safranin O/Fast green/Hematoxylin staining was performed on sections at 
90 µm intervals to assess cartilage morphology. Cartilage degeneration was assessed in the tibial 
plateau using a modified murine cartilage histological scoring system [19].  
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Bone morphology from microCT was assessed in two regions: the metaphysis (distal to the 
growth plate) extending 10% of the total bone length, excluding primary spongiosa and cortical 
bone; and the epiphysis (proximal to the growth plate) excluding cortical bone. Only trabecular 
bone from both regions was selected by manually contouring inside the cortical bone. The global 
threshold was set at 4100 HU and 3360 HU to segment mineralized tissue in epiphyseal and 
metaphyseal regions, respectively. For each region, cancellous bone volume fraction (BV/TV), 
trabecular thickness and separation (Tb.Th, Tb.Sp), and tissue mineral density (TMD) were 
measured.  
Localized cartilage thickness measurements were performed on Safranin O/Fast Green 
stained slides previously used for histological scoring (Osteomeasure, OsteoMetrics, USA). The 
tibial plateau was first divided into medial and lateral plateaus, then further divided into anterior, 
middle, and posterior regions, resulting in six different tibial plateau regions. A single 
representative slide from each region was used to measure cartilage and subchondral cortical 
bone thickness. Five linear projections from the cartilage surface to the boundary between 
cartilage and subchondral bone were used to measure cartilage thickness [15]. 
 
Cellular Response Assessment 
Immunohistochemistry was performed to assess mechanisms responsible for articular 
cartilage changes from 2 weeks of mechanical loading. Antibodies for MMP-13 (Chemicon, 
Temecula, CA), a key metalloproteinase responsible for proteoglycan breakdown in articular 
cartilage, and unphosphorylated β-catenin (Millipore, Billerica, MA), a cytoplasmic protein 
important in canonical Wnt signaling, were applied on three sections, one each from the anterior, 
middle, and posterior aspects of the tibial plateau. Sections were dewaxed, rehydrated, and 
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incubated in 37°C for antigen retrieval with 2.5% hyaluronidase. Sections were than incubated 
with serum free protein block (Dako, Carpinteria, CA) for 30 minutes at room temperature and 
immunostained overnight at 4°C with primary antibodies and IgG as negative controls. 
Secondary antibody incubation and color development were done by strepdavidin (Dako, 
Carpinteria, CA). MMP-13 and β-catenin positively stained chondrocytes were counted and 
normalized by cartilage area under 40x magnification from three sections each from anterior, 
middle, and posterior aspect of the tibial plateau.  
 
Statistics  
Statistical analyses were performed using a 2-factor repeated measure ANOVA with 
interactions (JMP Pro 10.0, SAS Institute Inc), with Loading as the intra-group variable, and 
Genotype as the inter-group variable. Post-hoc means comparison tests were performed with 
Bonferroni correction when interaction effects were significant. P-values < 0.05 indicated 
significance. All values are presented as mean ± SD. 
      
4.3 Results  
Articular Cartilage Matrix Changes 
Mechanical loading increased the severity of articular cartilage degeneration, indicated by an 
increase in histological scores, in loaded limbs of Dkk1 KO and WT mice compared to control 
limbs (Fig 4.1A). Loading increased the histological score by 48% in WT mice and 253% in 
Dkk1 KO mice, respectively (Fig 4.1B). However, in Wnt3 mice, loading did not induce 
cartilage degeneration, and the left and right scores were similar. The scores of the loaded of the 
control limbs of WT, Wnt3, and Dkk1 KO mice were not different from each other among all 
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genotypes. In addition, articular cartilage in Dkk1 KO mice only thinned in the lateral and 
medial compartments of the posterior aspect of the tibial plateau, whereas remained the same 
with mechanical loading in WT and Wnt3 cartilage thickness (Fig 4.1C). After 2 weeks of 
loading, cartilage thinned by 35% in the lateral posterior compartment and 33% in the medial 
lateral posterior compartment of Dkk1 KO mice.  
 
Figure 4.1 Safranin O/Fast Green staining indicated cartilage degeneration occurred following 
two weeks of loading in WT and Dkk1 KO mice (A, Scale bar = 100 µm). Loading did not 
promote cartilage degeneration in Wnt3 mice. Control images represent a non-loaded 
contralateral limb at loaded groups. Histological score also indicated an increase in cartilage 
degeneration in WT and Dkk1 KO mice, but not in Wnt 3 mice (B). Loading also thinned 
articular cartilage at the lateral posterior quadrant (C). Data presented as mean ± SD.  
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^loading, †loading*genotype, p<0.05 by repeated measures two-way ANOVA. Groups with 
different letters are significantly different by post-hoc means comparisons with Bonferroni 
correction. 
 
Epiphyseal and Metaphyseal Bone Adaptation 
Epiphyseal and metaphyseal cancellous architecture changed with mechanical loading and 
genotype. Mechanical loading decreased epiphyseal cancellous bone mass overall by 5.7% (Fig 
4.2A). Also, the decrease in epiphyseal cancellous bone mass from loading was dependent on 
genotype: 7.1% decrease in WT mice, a 11.6% decrease in Wnt3 mice, and an increase of 1.4% 
in Dkk1 KO mice. Trabeculae were thicker in Dkk1 KO mice compared to other genotypes, 
where trabeculae were thicker by 18% and 14% in Dkk1 KO mice compared to WT and Wnt3 
mice, respectively (Fig 4.2B). Epiphyseal trabecular separation did not change with loading or 
genotype (Fig 4.2C). In the metaphyseal region, cancellous bone mass increased with loading by 
11% (Fig 4.2D). The increase in cancellous bone mass was attributable to a 17% increase in 
trabecular thickness (Fig 4.2E). Also, increase trabecular thickness from loading was dependent 
on genotype, where loading increased thickness by 17% in WT, 8.2% in Wnt3, and 26% in Dkk1 
KO mice. Subchondral cortical bone thickness only decreased in both compartments of the 
middle aspect of the tibial plateau with loading (Fig 4.2F). 2 weeks of loading thinned 
subchondral cortical bone thickness by 30% in lateral middle compartment and by 19% in medial 
middle compartment.  
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Figure 4.2 Epiphyseal cancellous mass (BV/TV) in 10-week-old mice decreased with loading, 
which was dependent on the mouse genotype (A). Epiphyseal trabecular thickness (Tb.Th) was 
significantly higher in Dkk1 KO mice (B). Trabecular separation (Tb.Sp) was not altered by the 
loading or genotype (C). Metaphyseal bone mass increased with loading (D), which was 
attributable to increase in metaphyseal trabecular thickness (E). Subchondral cortical plate 
thickness (Sub.Pl) from the lateral middle compartment thinned with mechanical loading (F). 
Data presented as mean ± SD.  
^loading, §genotype, †loading*genotype, p<0.05 by repeated measures two-way ANOVA. 
Groups with different letters are significantly different by post-hoc means comparisons with 
Bonferroni correction. 
 
Articular Cartilage Chondrocyte Immunostaining 
Mechanical loading altered the number of chondrocytes stained for MMP-13 and β-catenin in 
WT, Wnt3, and Dkk1 KO mice. The increase in chondrocytes immunostained for MMP-13 due 
to loading was dependent on genotype; we observed 84% increase in WT, 7.3% increase in Wnt3, 
and 26% decrease in Dkk1 KO mice (Fig 4.3A). The number of chondrocytes immunostained for 
β-catenin increased with loading by 85% (Fig 4.3B).  
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Figure 4.3 Cellular responses: MMP-13 and β-catenin. Increase in the number of chondrocytes 
immunostained for MMP-13 with loading was dependent on genotype (A). Loading increased 
the number of chondrocytes immunostained for β-catenin (B). Arrowheads indicate positive 
antibody staining. Data presented as mean ± SD. Scale bar = 100 µm 
^loading, †loading*genotype, p<0.05 by repeated measures two-way ANOVA.  
 
Osteophyte Formation 
Osteophytes formed in the peri-articular regions of the tibial plateau in response to 
mechanical loading (Fig 4.4). All (7/7) Dkk1 KO, 4/8 WT, and 3/7 Wnt3 mice formed 
osteophytes on the loaded limbs. No osteophytes were observed in control limbs from any 
genotype.  
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Figure 4.4 Osteophytes (black arrowheads) were present in 4/8 WT, 3/7 Wnt3, and 7/7 Dkk1 
KO mice following 2 weeks of mechanical loading. Scale bar 200 µm. 
 
4.4 Discussion 
We showed that articular cartilage degeneration accelerated with loading in Dkk1 KO mice 
compared to Wnt3 mice, but was similar to WT mice. In addition, articular cartilage from Dkk1 
KO mice thinned with mechanical loading. These tissue level changes were accompanied by 
upregulation of MMP-13 and β-catenin expression in chondrocytes of WT mice. Loading 
decreased epiphyseal cancellous bone mass overall, but increased metaphyseal cancellous bone 
mass in all mice. All Dkk1 KO mice developed osteophytes in response to loading, whereas 
approximately half of WT and Wnt3 loaded joints developed osteophytes. 
Comparing control limbs only, the haploinsufficiency of Wnt3 and/or ablation of Dkk1 did 
not lead to cartilage degeneration. Absence or inhibition of an other potent Wnt inhibitor, 
sclerostin, also did not result in joint degeneration among sclerostin KO mice or rats that 
underwent destabilization of medial meniscus (DMM) surgery with anti-sclerostin antibody 
administration [10]. While the canonical Wnt/β-catenin pathway is suggested to play an 
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important role in the expression of cartilage catabolic factors, other Wnt inhibitors such as 
Frizzled B and Gremlin 1 can act as a compensatory mechanism to prevent OA in the absence of 
Dkk1 [20].  
Wnt3 mice resisted cartilage degeneration from loading compared to WT mice in our study. 
The presence of cartilage damage in Dkk1 KO mice with loading, however, indicated that the 
apparent chondroprotective nature of Wnt3 knockdown was lost by the absence of Dkk1. Our 
immunohistochemical analysis showed that in the presence of mechanical loading, knockdown 
of Wnt3 may lead to decreased expression of β-catenin and MMP-13 in articular chondrocytes, 
leading to a less severe OA phenotype compared to WT or Dkk1 KO animals. No other studies 
have demonstrated a potential role of Wnt3 in the development of OA or cartilage or bone 
homeostasis, while Wnt3a showed a potential role in OA [21, 22]. However, Wnt3 may only be 
active in the presence of mechanical loading, and further investigation of its role in the 
development of OA could potentially lead to therapeutic intervention.  
Limited osteophyte development in WT and Wnt3 mice indicated a potential role of Dkk1 in 
osteophyte formation in response to mechanical loading. Previously, neutralizing Dkk1 activity 
by antibody treatment in mouse joints led to inflammatory-mediated osteophyte formation [23]. 
In our study, mechanical loading may have initiated inflammatory processes that cascaded to 
osteophyte development in Dkk1 KO mice. In addition to osteophyte formation, ablation of 
Dkk1 combined with mechanical loading can be detrimental to overall joint homeostasis by 
increasing subchondral bone stiffness, which will increase the stress in the articular cartilage and 
expedite the development of OA [24]. 
Consistent with previous studies, articular cartilage degeneration in WT, Wnt3, and Dkk1 
KO mice was accompanied by loss of epiphyseal cancellous mass and thinning of the 
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subchondral plate [15, 25]. However, in contrast to mice with increased bone mass from 
sclerostin inhibition via monoclonal antibodies, Dkk1 KO mice did not exhibit higher bone mass 
compared to their respective littermate or Wnt3 haploinsufficient controls [26, 27]. Mixed 
background (129xC57Bl/6) of mutant mice with significant developmental disability associated 
with the loss of Dkk1, Wnt3 knockdown alone may be insufficient to increase the bone mass in 
Dkk1 KO mice at a similar level seen in SOST KO mice [14, 28].  
In conclusion, mechanical loading accelerated articular cartilage damage in Dkk1 KO 
compared to Wnt3 haploinsufficient mice, returning to WT levels. Wnt3 haploinsufficiency can 
be chondroprotective against load-induced OA. Additional characterization of the role of Wnt3 
and Dkk1 in the development of OA will further enhance our understanding of Wnt pathway and 
its role in OA. Future studies that perform mechanical loading on mice with chondrocyte specific 
mutations of Dkk1, combined with pharmaceutical agents that influence another Wnt mediator, 
for example sclerostin, will help in identifying the signaling mechanism underlying load-induced 
cartilage degeneration and possibly lead to the development of pharmacological interventions.   
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CHAPTER 5 
SUMMARY AND DISCUSSION 
 
5.1 Summary 
The objective of this research was to develop, characterize, and implement a noninvasive 
mouse model of OA induced by altering the loading environment at the knee joint. Traditional 
preclinical models of OA involve trauma, which only represents 16% of OA patients [1]. 
Noninvasive loading models that provide a controlled loading environment and result in robust 
and reproducible OA pathology similar to that seen in humans will represent the much larger 
community of OA patients without the history of traumatic joint injuries.  
 
Development of Osteoarthritic Pathology in Mouse Knee Joint Following Cyclic Loading 
Traditional preclinical models of OA are generally based on transection of ligaments or 
meniscus to induce joint instability and trauma [2, 3]. Patients suffering from posttraumatic OA 
are only a fraction of total OA patient cohorts, and other factors such as genetics, diet, sex, or 
altered loading contribute significantly in the development of OA [1]. The novel noninvasive 
loading model developed in this research not only addresses the lack of a nontraumatic OA 
model in the field, but also provides a well-controlled loading environment that can simulate 
varying degrees of physical activity. In this study, a peak load level of 9.0N induced articular 
cartilage matrix damage, epiphyseal bone adaptation, and osteophyte formation, but less severe 
cartilage degeneration without osteophyte formation and epiphyseal bone adaptation was present 
at a peak load level of 4.5N, indicating a dose dependency to loading. This dose dependency of 
joint degeneration has also been observed in other studies examining different distances of 
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running: 30km of running over 28 days was detrimental whereas 15km over 28 days was 
beneficial to rats that underwent ACL transection [4]. Mice that underwent in vivo tibial loading 
also exhibited concurrent changes in subchondral cortical bone thickness and articular cartilage 
degeneration. While the study did not establish a strong causation between changes in 
subchondral bone and articular cartilage, future therapeutic interventions will likely need to 
target both subchondral bone and cartilage to fully restore the joint’s original structure.  
 
Single Loading Session Promote Biological Responses Leading to Osteoarthritis Phenotype 
Single injurious impact loading sessions have been applied to cartilage explants and rodent 
joints to produce OA pathology similar in humans [5-8]. Upon application of loading, 
chondrocytes underwent apoptosis and secreted proteases that degraded collagen and 
proteoglycans [5]. In addition, preclinical models of injurious loading showed not only cartilage 
degeneration, but also abnormal heterotopic ossification at locations removed from the 
tibiofemoral contact area [7, 8]. We applied a single 5-minute session of loading to the knees of 
mice. The knee joints demonstrated no obvious traumatic tissue damage after the onset of 
loading but still subsequently developed OA at later time points. While a single loading session 
promoted development of OA pathology in mouse joints similar to joints from mice that 
underwent daily cyclic loading for 1 or 2 weeks, the extent of cartilage degeneration was less, 
and subchondral cortical bone thickening and metaphyseal cancellous bone adaptation were 
absent in mice with a single loading session. Our multiday loading experiment may represent 
elite athletes who undergo strenuous training everyday, whereas a single loading session may be 
more applicable to amateur athletes exposed to short-term excessive exercise that may be 
detrimental to their joints in the future. However, as the epiphyseal cancellous mass lost at 1-
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week was restored to the original level at 2-weeks, the possibility of interventions to restore bone 
mass and architecture and functionality from OA is promising. In fact, rats that underwent ACL 
transection were protected from accelerated cartilage degeneration and subchondral bone 
changes by the administration of alendronate, a potent inhibitor of bone resorption [9]. While 
clinical studies show limited therapeutic effect of alendronate among OA patients, other 
inhibitors of bone resorption such as Denosumab or Cathepsin K inhibitor can be alternatively 
tested [10, 11].  
 
The Role of Dkk1 and Wnt3 in Load-induced Osteoarthritis 
Dkk1 is a potent regulator joint remodeling in rheumatoid arthritis (RA), in which 
administration of Dkk1 antibody to inhibit Wnt signaling reduced the symptoms of RA and also 
led to development of osteophytes [12]. Whether Dkk1 can also have a potent role in OA is still 
unknown. This study indicated that the ablation of Dkk1 did not protect the joint from load-
induced OA, but in fact accelerated alterations in the joint to resemble human OA. With the 
activation of the Wnt/β-catenin canonical pathway, which has been strongly suggested to 
increase cartilage catabolic factors that lead to cartilage degeneration and OA, the lack of 
chondroprotection in the absence of Dkk1 may have led to accelerated development of OA in 
Dkk1 knockout mice in response to loading [13, 14]. Also, surprisingly, mice with Wnt3 
knockdown were protected from developing OA pathology in response to in vivo loading. With 
no evidence to date for a role of Wnt3 in the development of OA, further characterization is 
needed to validate the chondroprotective nature of Wnt3 knockdown and understand the 
underlying mechanism. Ultimately, this study not only provided further understanding of the role 
of Dkk1 and Wnt3 in the pathogenesis of OA, but also demonstrated that in vivo tibial loading 
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does not always lead to cartilage degeneration, and the joint can be protected from with 
appropriate mechanical or biological conditions.  
  
Strengths of This Work  
The novel, noninvasive mouse tibial loading model developed here provides several 
advantages over existing traditional OA models. The noninvasive, nontraumatic nature of the 
applied loading allows investigators to translate mechanistic discoveries of OA to the clinical 
scenario in which the majority of OA patients have not been exposed to joint injuries. The model 
avoids potential confounding factors resulting from inflammation due to surgical induction of 
OA in previously existing models. Also, the model provides a unique platform in which loading 
applied to the mouse knee joint can be precisely controlled. Depending on the hypothesis, 
specific loads can be applied to the mouse knee that can potentially be traumatic or beneficial  to 
the joint. In addition, unlike other loading models that apply mechanical loads via varus or 
valgus loading, mouse tibial loading applies uniaxial loads on the joint that more likely resemble 
the physiological gait pattern in mice [15, 16]. Lastly, widely available knockout and transgenic 
mouse models can be utilized in this loading approach to identify specific genes or proteins 
responsible for joint degeneration in response to mechanical loading, leading to OA. Conversely, 
specific loading protocols can be investigated to restore transgenic mouse models susceptible to 
OA pathology.  
The systemic approach to investigate alterations in mice joints is another strength of this 
work. While traditional preclinical OA studies focus on a single tissue, such as articular cartilage 
or subchondral bone, this work encompasses both tissues as well as synovial membrane and 
periarticular bone regions. With clinical studies suggesting OA patients suffer from systemic 
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joint alterations, investigating OA animal models via systemic approaches will further enhance 
our understanding of how OA develops and progresses.  
 
Limitations of This Work 
This loading model has limitations. Currently, the strain or stress that is being transmitted to 
the articular cartilage and subchondral bone cannot be determined. The peak load level applied to 
the mouse joint is based on strain measurements on the tibial midshaft where 1200ε is within the 
functional range of strain magnitude [17]. However, with irregular tibial plateau geometry, 
unknown compositional properties of joint tissues, and close proximity to where the load is being 
applied, articular cartilage and subchondral bone will experience dramatically different strain and 
stress magnitudes. Compared to larger mammals, performing traditional contact stress analysis 
or pressure measurements on a small mouse joint is a significant challenge. Even if the strain 
magnitude could be determined, the measured strain will only represent the strain at baseline. 
Any changes in strain or stress levels due to adaptation over the course of the mechanical loading 
duration will not be determined until the end of the experiment.  
In addition, interpreting and relating findings from mouse articular cartilage and subchondral 
cortical bone to clinical scenarios need to be performed carefully. While compositional 
characteristics of the tissues such as the collagen backbone and glycosaminoglycans of cartilage 
are present in both humans and mice, the chondrocyte density in mouse articular cartilage is 
approximately 24 times larger than the density from human cartilage [18]. The higher cellularity 
in mouse cartilage can lead to more rapid response to changes in the external environment 
compared to human cartilage. Also, structural compositions of meniscus in mice and humans are 
different, where the mouse meniscus exhibits an ossified central region with bone marrow. 
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Lastly, the rodent growth plate never completely fuses, as it does in humans, and subchondral 
cortical bone in mice is much thinner than in humans. As for any preclinical models, 
investigators should be aware of these differences and interpret the findings accordingly.  
Histomorphometric analysis that counted immunostained chondrocytes or osteoclasts in this 
work needs to be interpreted carefully. With chondrocyte diameter of approximately 7-12µm and 
osteoclasts 50-100µm, sectional thickness of 6µm used in this work for histomorphometric 
analysis only captures partial cell volume. Additional selection criteria such as nuclei or 
pericellular stainings and multiple histology sections from each animal were implemented to 
identify cell phenotype accurately. With no existing 3-D histomorphometric analysis for 
immunostained cells, the methods used in this work are the most prevalent ways to capture cell 
phenotype in the field.  
 
5.2 Future Studies 
The findings from this thesis establish a foundation for future work that will investigate 
pathomechanisms of load-induced OA and appropriate therapeutic interventions. Additional 
mechanical and biological characterizations of the model and application of the model to mice 
with conditional inactivation or overexpression of mechanosensitive genes will greatly expand 
understanding of OA.  
 
Characterization of In Vivo Loading Model 
As mentioned in the limitations, due to the size of murine joint, accurate analysis of contact 
stress and strain is a significant challenge. Finite element analysis (FEA) of the mouse knee joint 
under the same loading device identified focal stress concentration on the medial side of 
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tibiofemoral joint [19]. However, the FEA model assumed cartilage and subchondral bone to be 
homogenous isotropic materials with elastic moduli based on a previous FEA study [20]. 
Experimental determination of murine articular cartilage stiffness via nanoindentation or atomic 
force microscopy with appropriate nonlinear heterogeneous FEA study will provide accurate 
strain and stress distribution at the joint. Articular cartilage stiffness can be measured at different 
locations on a tibial plateau by atomic force microscopy, which allows measurement of small 
specimens in a hydrated state [21, 22]. A study can be designed articular cartilage stiffness is 
obtained from a basal time point up to a 6-week loading duration with multiple time points in 
between. In addition to determining appropriate experimental mechanical properties of articular 
cartilage stiffness, controversial issues regarding the order of changes between cartilage and 
bone during OA development can potentially be answered by measuring subchondral cortical 
bone stiffness.  
Whole joint kinematics can also be investigated during mechanical loading of mouse joints. 
Lameness and stiffness of joints are one of the key symptoms of OA patients, and determining 
similar symptoms in mice can be a challenge due to small scale. Investigating joint kinematics in 
mouse joints can potentially indicate lameness and stiffness of joints seen similar in humans. By 
comparing movements at tibiofemoral joints prior to and post loading, we can potentially predict 
joint motions that increase chances of developing OA.  
Articular cartilage and subchondral bone composition can determined by spectroscopic 
analysis, in particular Fourier transform infrared spectroscopy (FT-IR) [23]. Upon induction of 
OA, the zone of calcified cartilage expands, and this expansion has been shown in our laboratory 
through histological analysis (data not shown). This morphological change in the zone of 
calcified cartilage can be further characterized by compositional analysis through FT-IR. During 
 110 
the expansion of the calcified zone from mechanical loading, FT-IR will measure mineralization 
in the general vicinity to determine whether the expansion is purely cartilage, or possible 
interaction exists between subchondral bone and cartilage.  
Finally, characterizing biological expressions in both articular cartilage and subchondral 
bone in response to loading will allow development of future pharmacological interventions. To 
discover a unique biological factor that contributes to load-induced OA, loaded mouse joints can 
be analyzed by either microarray or RNAseq to initially select candidate genes that can be 
developed into a conditional knockout model for further investigation [24, 25].  
 
Conditional Inactivation or Overexpression of Mechanosensitive Gene – SOST 
The noninvasive loading model in this thesis demonstrated load level and duration dependent 
alterations in mouse joints. Mechanosensitive genes from articular cartilage and subchondral 
bone may be responsible for the dose-dependent changes in the loaded joint. In particular, SOST, 
the gene encoding sclerostin, may play a crucial role in these changes due to its already 
established role in mechanosenstivity in bones, sclerostin expression in osteocytes is 
downregulated following mechanical loading [26, 27]. The role of sclerostin in articular cartilage 
is still unclear; its overexpression is necessary to protect against cartilage degradation, and its 
inhibition or ablation did not affect articular cartilage remodeling activity in sclerostin KO mice 
or rats that underwent DMM surgery [13, 28]. However, no study investigated 
mechanosenstivity of sclerostin in articular cartilage or its role in load-induced OA. Thus, a 
study can be designed to address these questions with the following hypothesis: conditional 
overexpression of SOST in osteocytes protects mouse joints from load-induced OA. Mice 
expressing high levels of SOST in osteocytes have already been engineered, and the same animal 
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model can undergo mechanical loading at a peak load that engenders 1200ε in the mid-diaphysis 
with multiple load durations [26]. With the overexpression of SOST in osteocytes, subchondral 
cortical bone sclerosis and epiphyseal cancellous bone loss will be absent in response to 
mechanical loading. This limited alteration in the subchondral bone region will lead to limited 
alteration in the joint loading environment, maintaining healthy articular cartilage while 
protecting from load-induced OA. Alternatively, conditional knockout of SOST in mouse 
osteocytes or chondrocytes can be investigated in conjunction with mechanical loading. With 
anti-sclerostin antibody (biosozumab) already in clinical trials showing a strong anabolic 
response among osteoporotic patients, careful investigation of the role of sclerostin in load-
induced OA development will not only demonstrate the importance of mechanosensitivity of 
sclerostin in the joint, but also show biosozumab’s therapeutic potential among OA patients [29]. 
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Histological Score: Indices of articular cartilage damage measured by Safranin O stain. Each level corresponds to a slide 
separated at a 90 µm interval. Four boxes in each level correspond to four areas of tibiofemoral articular cartilage. 
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Metaphyseal Cancellous Bone MicroCT Data: Indices of cancellous bone architecture distal to the growth plate in mice loaded 
at multiple load levels and durations  
 
Animal Leg Load Level Duration BV/TV Tb.Th [mm] Tb.Sp [mm] 
TMD  
[mg/HA ccm] 
A1 L 9N 6 wk 0.1037 0.0647 0.2997 880.9115 
A1 R 9N 6 wk 0.0904 0.0481 0.2597 885.3866 
A2 L 9N 6 wk 0.0807 0.0517 0.2726 891.3745 
A2 R 9N 6 wk 0.0705 0.0372 0.276 884.5043 
A3 L 9N 6 wk 0.1172 0.0471 0.25 898.3708 
A3 R 9N 6 wk 0.0957 0.0413 0.2405 891.2484 
A4 L 9N 6 wk 0.1127 0.0442 0.224 869.4401 
A4 R 9N 6 wk 0.1142 0.0432 0.2329 916.3973 
A5 L 9N 6 wk 0.0779 0.0412 0.2537 909.6531 
A5 R 9N 6 wk 0.087 0.0353 0.2106 904.4216 
A6 L 9N 6 wk 0.07 0.0461 0.2587 877.634 
A6 R 9N 6 wk 0.0621 0.0352 0.2448 897.5514 
A7 L 9N 6 wk 0.0934 0.0564 0.2792 895.4084 
A7 R 9N 6 wk 0.065 0.0375 0.2812 908.1404 
B10 L 4.5N 6 wk 0.0758 0.0409 0.2516 884.3782 
B10 R 4.5N 6 wk 0.1052 0.0435 0.2272 931.5244 
B11 L 4.5N 6 wk 0.0833 0.0361 0.234 903.2241 
B11 R 4.5N 6 wk 0.0741 0.0354 0.237 878.7054 
B12 L 4.5N 6 wk 0.0579 0.041 0.2718 886.269 
B12 R 4.5N 6 wk 0.0491 0.0356 0.277 889.1055 
B13 L 4.5N 6 wk 0.0585 0.0362 0.2553 861.6874 
B13 R 4.5N 6 wk 0.0583 0.0342 0.2486 877.0037 
B14 L 4.5N 6 wk 0.0697 0.0356 0.2579 880.5964 
B14 R 4.5N 6 wk 0.0757 0.036 0.2369 900.892 
B8 L 4.5N 6 wk 0.0737 0.0408 0.231 888.7903 
B8 R 4.5N 6 wk 0.0796 0.0379 0.226 910.1573 
B9 L 4.5N 6 wk 0.0769 0.0399 0.2427 845.2367 
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B9 R 4.5N 6 wk 0.0929 0.0417 0.2375 855.5735 
C15 L 9N 2 wk 0.1258 0.0489 0.1992 812.3981 
C15 R 9N 2 wk 0.1246 0.0456 0.2071 783.2154 
C16 L 9N 2 wk 0.0955 0.0516 0.2255 885.1345 
C16 R 9N 2 wk 0.0705 0.0363 0.2412 866.2886 
C17 L 9N 2 wk 0.0835 0.0455 0.231 880.8485 
C17 R 9N 2 wk 0.0855 0.038 0.2138 903.4762 
C18 L 9N 2 wk 0.0922 0.0415 0.2625 860.4899 
C18 R 9N 2 wk 0.1072 0.0426 0.2233 878.7686 
C19 L 9N 2 wk 0.154 0.0486 0.2115 914.1913 
C19 R 9N 2 wk 0.1704 0.0483 0.1976 912.9937 
C20 L 9N 2 wk 0.0998 0.0443 0.288 856.0148 
C20 R 9N 2 wk 0.1127 0.0509 0.2858 903.2241 
D21 L 4.5N 2 wk 0.0985 0.0379 0.2155 855.8257 
D21 R 4.5N 2 wk 0.0905 0.0425 0.2215 908.0774 
D22 L 4.5N 2 wk 0.129 0.0543 0.2913 909.6531 
D22 R 4.5N 2 wk 0.1179 0.0557 0.2974 911.1659 
D23 L 4.5N 2 wk 0.1398 0.0526 0.2558 906.5647 
D23 R 4.5N 2 wk 0.1184 0.0541 0.2448 931.1462 
D24 L 4.5N 2 wk 0.0745 0.0406 0.2325 882.4243 
D24 R 4.5N 2 wk 0.0634 0.0356 0.2277 874.6716 
D25 L 4.5N 2 wk 0.0952 0.0488 0.3203 890.24 
D25 R 4.5N 2 wk 0.0958 0.0462 0.3184 904.5477 
D26 L 4.5N 2 wk 0.1388 0.0491 0.2495 887.1515 
D26 R 4.5N 2 wk 0.1214 0.0526 0.2707 914.3804 
D27 L 4.5N 2 wk 0.0885 0.0381 0.2371 872.3395 
D27 R 4.5N 2 wk 0.0766 0.0379 0.2402 871.8352 
E28 L 9N 1 wk 0.1027 0.0442 0.2331 898.3077 
E28 R 9N 1 wk 0.1271 0.0431 0.2121 890.7441 
E29 L 9N 1 wk 0.1084 0.0513 0.3509 874.2935 
E29 R 9N 1 wk 0.1214 0.0496 0.2572 913.9392 
E30 L 9N 1 wk 0.1031 0.0486 0.2811 867.7383 
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E30 R 9N 1 wk 0.1242 0.0426 0.2323 890.0509 
E31 L 9N 1 wk 0.1077 0.0426 0.2242 863.9565 
E31 R 9N 1 wk 0.0958 0.0388 0.2295 865.2802 
E32 L 9N 1 wk 0.088 0.043 0.2634 882.4243 
E32 R 9N 1 wk 0.0982 0.0382 0.2246 878.7054 
E33 L 9N 1 wk 0.0888 0.0413 0.2253 864.5238 
E33 R 9N 1 wk 0.0815 0.0366 0.2207 879.651 
F34 L 4.5N 1 wk 0.1438 0.0507 0.2463 890.366 
F34 R 4.5N 1 wk 0.1103 0.0532 0.2735 881.5419 
F35 L 4.5N 1 wk 0.1324 0.0519 0.2198 889.5466 
F35 R 4.5N 1 wk 0.1305 0.0508 0.2214 887.6558 
F36 L 4.5N 1 wk 0.1433 0.0474 0.2112 891.4375 
F36 R 4.5N 1 wk 0.1513 0.0517 0.2163 888.223 
F37 L 4.5N 1 wk 0.1099 0.0439 0.2459 871.2679 
F37 R 4.5N 1 wk 0.1102 0.0456 0.2394 867.6753 
F38 L 4.5N 1 wk 0.0803 0.037 0.249 890.8702 
F38 R 4.5N 1 wk 0.068 0.0362 0.262 874.2935 
F39 L 4.5N 1 wk 0.0987 0.0445 0.2976 870.4486 
F39 R 4.5N 1 wk 0.118 0.0514 0.3169 907.8253 
F40 L 4.5N 1 wk 0.1358 0.0507 0.2851 881.983 
F40 R 4.5N 1 wk 0.143 0.0493 0.2672 888.5381 
 
Epiphyseal Bone MicroCT Data: Indices of cancellous bone architecture proximal to the growth plate in mice loaded at 
multiple load levels and durations 
 
Animal Leg 
Load 
Level Duration BV/TV 
Tb.Th 
[mm] 
DT-Tb.Sp 
[mm] 
TMD [mg 
HA/ccm] 
A1 L 9N 6 wk 0.3186 0.0697 0.1796 933.4784 
A1 R 9N 6 wk 0.3317 0.0631 0.1897 949.8661 
A2 L 9N 6 wk 0.2192 0.0611 0.2254 907.8253 
A2 R 9N 6 wk 0.3417 0.0655 0.1868 963.2915 
A3 L 9N 6 wk 0.2598 0.0558 0.1914 917.7839 
	   124	  
A3 R 9N 6 wk 0.324 0.0642 0.1895 962.472 
A4 L 9N 6 wk 0.2289 0.0525 0.2049 903.9805 
A4 R 9N 6 wk 0.3052 0.0594 0.1928 967.5145 
A5 L 9N 6 wk 0.1958 0.0562 0.2207 916.3973 
A5 R 9N 6 wk 0.2992 0.0586 0.1858 966.8212 
A6 L 9N 6 wk 0.3079 0.0657 0.1921 940.9159 
A6 R 9N 6 wk 0.2766 0.0569 0.1968 969.3423 
A7 L 9N 6 wk 0.2172 0.0676 0.231 927.3015 
A7 R 9N 6 wk 0.2924 0.0594 0.1891 963.0393 
B10 L 4.5N 6 wk 0.2938 0.0581 0.1914 916.7755 
B10 R 4.5N 6 wk 0.3376 0.0622 0.1785 977.4731 
B11 L 4.5N 6 wk 0.2741 0.0564 0.201 965.4344 
B11 R 4.5N 6 wk 0.2767 0.0574 0.2009 960.7703 
B12 L 4.5N 6 wk 0.2646 0.0584 0.2202 962.9763 
B12 R 4.5N 6 wk 0.2689 0.0568 0.2074 956.5472 
B13 L 4.5N 6 wk 0.2272 0.0509 0.1972 932.722 
B13 R 4.5N 6 wk 0.2769 0.0544 0.1988 947.66 
B14 L 4.5N 6 wk 0.2838 0.0578 0.1845 955.4758 
B14 R 4.5N 6 wk 0.2905 0.0553 0.1827 958.4382 
B8 L 4.5N 6 wk 0.3052 0.0578 0.1874 973.061 
B8 R 4.5N 6 wk 0.3167 0.0576 0.1915 964.489 
B9 L 4.5N 6 wk 0.282 0.0586 0.2012 936.1256 
B9 R 4.5N 6 wk 0.3015 0.0598 0.2053 932.9111 
C15 L 9N 2 wk 0.2673 0.0572 0.1867 930.8312 
C15 R 9N 2 wk 0.2992 0.0571 0.1896 943.059 
C16 L 9N 2 wk 0.3311 0.0637 0.1684 919.4857 
C16 R 9N 2 wk 0.3032 0.0591 0.1771 956.7363 
C17 L 9N 2 wk 0.3177 0.0626 0.1851 924.5282 
C17 R 9N 2 wk 0.3164 0.058 0.1817 962.9763 
C18 L 9N 2 wk 0.2677 0.0557 0.1934 908.7708 
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C18 R 9N 2 wk 0.3417 0.0621 0.1787 949.3619 
C19 L 9N 2 wk 0.4051 0.0685 0.1591 946.5255 
C19 R 9N 2 wk 0.4317 0.0677 0.1467 953.837 
C20 L 9N 2 wk 0.3897 0.0716 0.174 919.5488 
C20 R 9N 2 wk 0.3336 0.062 0.1851 951.0006 
D21 L 4.5N 2 wk 0.3154 0.0584 0.1791 933.1002 
D21 R 4.5N 2 wk 0.3046 0.0586 0.1804 958.4382 
D22 L 4.5N 2 wk 0.3321 0.0637 0.1962 944.3195 
D22 R 4.5N 2 wk 0.3705 0.0674 0.1825 956.4843 
D23 L 4.5N 2 wk 0.3547 0.0623 0.1803 941.6093 
D23 R 4.5N 2 wk 0.3616 0.0627 0.1909 952.2612 
D24 L 4.5N 2 wk 0.2846 0.0558 0.1849 938.1426 
D24 R 4.5N 2 wk 0.3124 0.0582 0.1827 951.1267 
D25 L 4.5N 2 wk 0.3567 0.0661 0.1702 963.6066 
D25 R 4.5N 2 wk 0.344 0.0627 0.1802 952.8916 
D26 L 4.5N 2 wk 0.3226 0.0638 0.1894 933.5414 
D26 R 4.5N 2 wk 0.3341 0.0663 0.193 955.2236 
D27 L 4.5N 2 wk 0.2911 0.0584 0.1896 958.4382 
D27 R 4.5N 2 wk 0.2987 0.0575 0.1853 949.614 
E28 L 9N 1 wk 0.3719 0.0647 0.1794 966.506 
E28 R 9N 1 wk 0.3692 0.0633 0.1727 965.7496 
E29 L 9N 1 wk 0.3571 0.0641 0.1971 932.9111 
E29 R 9N 1 wk 0.3581 0.0644 0.1762 947.8491 
E30 L 9N 1 wk 0.3773 0.0659 0.182 928.436 
E30 R 9N 1 wk 0.3589 0.0649 0.1794 938.4578 
E31 L 9N 1 wk 0.3681 0.0645 0.1807 941.105 
E31 R 9N 1 wk 0.3194 0.0602 0.1814 943.7522 
E32 L 9N 1 wk 0.3459 0.0635 0.1694 938.4578 
E32 R 9N 1 wk 0.3435 0.0649 0.1711 956.8624 
E33 L 9N 1 wk 0.3186 0.0586 0.1829 919.1707 
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E33 R 9N 1 wk 0.3289 0.0589 0.174 952.7655 
F34 L 4.5N 1 wk 0.3468 0.0667 0.1927 953.0176 
F34 R 4.5N 1 wk 0.3538 0.0667 0.2011 931.7766 
F35 L 4.5N 1 wk 0.3691 0.066 0.1819 946.0214 
F35 R 4.5N 1 wk 0.3554 0.0645 0.1699 945.6435 
F36 L 4.5N 1 wk 0.3687 0.067 0.185 952.2612 
F36 R 4.5N 1 wk 0.381 0.0675 0.1791 962.5981 
F37 L 4.5N 1 wk 0.3289 0.0598 0.1739 940.4747 
F37 R 4.5N 1 wk 0.3324 0.0603 0.1822 925.4736 
F38 L 4.5N 1 wk 0.2936 0.0595 0.1959 962.5352 
F38 R 4.5N 1 wk 0.3062 0.0593 0.1868 933.5414 
F39 L 4.5N 1 wk 0.3409 0.0618 0.174 933.6045 
F39 R 4.5N 1 wk 0.3356 0.0594 0.17 930.8942 
F40 L 4.5N 1 wk 0.3195 0.0608 0.1961 936.819 
F40 R 4.5N 1 wk 0.3521 0.0654 0.1845 945.8953 
 
Localized Articular Cartilage and Subchondral Cortical Bone Thickness: Six slides representing each quadrant were stained 
with Safranin O and analyzed for articular cartilage and subchondral cortical bone thickness using Osteomeasure.  
 
     
Cartilage-Lateral Cartilage-Medial Sub Bone-Lateral Sub Bone Medial 
Duration Mouse  Limb 
Applied 
Load 
Starting 
Slide Post Trans Ant Post Trans Ant Post Trans Ant Post Trans Ant 
                 6 wk A01 Left 9 N 43 87.1 90.7 93.1 64.0 71.2 112.6 78.0 50.1 69.0 49.7 34.5 91.8 
6 wk A02 Left 9 N 50 84.0 83.0 72.4 77.6 79.8 94.2 89.4 19.0 36.7 75.8 34.4 9.7 
6 wk A03 Left 9 N 20 87.5 107.1 79.9 84.9 100.0 88.7 97.1 34.2 16.8 96.7 87.3 20.5 
6 wk A04 Left 9 N 49 60.1 75.0 64.2 72.8 89.7 86.6 90.5 5.2 28.9 38.6 22.9 13.6 
6 wk A05 Left 9 N 55 50.6 91.9 98.8 71.9 100.2 106.8 59.7 11.6 25.5 15.9 18.4 7.6 
6 wk A06 Left 9 N 50 64.7 89.2 84.7 69.4 88.2 85.6 80.5 14.5 20.4 42.4 29.1 18.0 
6 wk A07 Left 9 N 43 59.6 75.6 79.9 74.8 92.8 102.9 91.3 30.4 34.8 56.8 27.7 45.2 
6 wk B08 Left 4.5 N 13 114.9 96.9 68.9 82.1 90.4 104.3 51.5 26.5 38.4 53.7 38.2 48.4 
6 wk B09 Left 4.5 N 25 116.4 105.0 74.1 80.5 127.1 106.8 48.1 36.2 32.8 42.7 78.0 65.2 
	   127	  
6 wk B10 Left 4.5 N 31 79.2 90.8 97.2 67.3 72.0 95.5 51.1 21.6 19.9 94.2 117.0 93.4 
6 wk B11 Left 4.5 N 13 106.2 91.5 75.6 75.0 102.8 93.2 84.8 29.7 26.1 42.8 33.7 49.4 
6 wk B12 Left 4.5 N 19 119.4 90.1 64.2 95.8 107.1 93.6 40.1 37.4 41.6 36.3 38.8 47.7 
6 wk B13 Left 4.5 N 19 85.5 89.2 48.8 100.0 88.4 99.4 81.1 19.8 34.8 69.3 23.9 34.5 
6 wk B14 Left 4.5 N 13 123.4 91.5 57.0 88.5 108.5 106.1 117.0 32.9 23.6 35.2 61.2 47.2 
2 wk C15 Left 9 N 49 79.6 93.3 96.3 76.4 92.8 104.5 63.1 25.1 50.6 50.8 47.2 43.7 
2 wk C16 Left 9 N 43 108.1 107.7 63.7 79.0 85.1 100.9 54.3 44.6 13.8 25.3 29.3 45.1 
2 wk C17 Left 9 N 48 89.7 90.1 78.7 83.2 83.2 101.5 48.0 23.2 23.7 50.8 51.8 46.1 
2 wk C18 Left 9 N 67 89.6 90.3 99.3 63.2 114.0 115.7 50.2 24.4 21.2 40.2 77.3 52.3 
2 wk C19 Left 9 N 31 109.5 93.0 81.3 126.5 97.6 106.4 71.3 71.6 23.1 59.8 122.4 119.7 
2 wk C20 Left 9 N 55 101.7 95.8 103.7 68.2 83.6 106.7 44.1 62.5 52.3 56.6 96.1 64.5 
2 wk D21 Left 4.5 N 31 96.4 88.3 69.8 68.2 106.5 115.8 67.6 51.4 40.1 50.2 45.0 27.7 
2 wk D22 Left 4.5 N 25 96.0 90.9 82.1 98.4 97.5 112.3 67.3 63.9 44.2 43.6 78.6 131.5 
2 wk D23 Left 4.5 N 25 107.6 106.2 92.6 85.7 97.2 99.4 71.6 99.4 61.0 67.2 71.8 132.0 
2 wk D24 Left 4.5 N 25 97.4 103.2 74.7 93.1 89.9 87.9 52.2 36.3 24.5 23.9 22.3 48.5 
2 wk D25 Left 4.5 N 19 121.6 85.4 74.6 95.6 104.5 98.8 91.4 86.2 45.6 48.7 167.8 101.2 
2 wk D26 Left 4.5 N 37 111.0 82.1 71.8 86.3 90.5 96.1 97.8 71.7 32.9 63.1 137.5 94.2 
2 wk D27 Left 4.5 N 25 107.3 94.4 75.2 72.7 115.5 94.5 51.5 37.6 24.1 47.1 34.2 88.0 
1 wk E28 Left 9 N 31 93.4 99.6 87.5 69.5 107.9 115.9 31.5 61.2 32.8 25.6 72.2 62.3 
1 wk E29 Left 9 N 19 81.2 109.0 98.4 109.1 112.1 107.8 58.4 66.0 20.3 66.2 76.2 98.1 
1 wk E30 Left 9 N 43 90.8 107.8 82.3 81.4 85.8 106.1 36.2 68.1 35.5 70.3 101.0 88.9 
1 wk E31 Left 9 N 25 82.3 99.2 104.4 108.9 86.6 87.0 32.5 32.6 38.8 46.0 33.3 22.2 
1 wk E32 Left 9 N 25 71.4 104.8 94.8 67.2 95.5 114.5 48.3 43.1 27.7 23.9 57.7 43.6 
1 wk E33 Left 9 N 13 95.5 94.8 109.9 81.5 106.6 113.8 30.6 23.7 14.7 22.0 30.9 49.2 
1 wk F34 Left 4.5 N 13 95.6 103.7 83.6 102.3 101.9 100.2 52.1 46.1 50.6 50.2 145.4 60.7 
1 wk F35 Left 4.5 N 25 102.1 103.9 82.8 110.6 83.8 103.3 57.9 49.9 30.0 40.2 52.9 135.9 
1 wk F36 Left 4.5 N 19 124.1 91.5 69.2 117.0 99.0 96.3 54.2 59.1 30.7 43.4 77.4 79.4 
1 wk F37 Left 4.5 N 13 110.2 92.3 74.4 106.4 96.4 91.0 38.9 49.7 33.5 55.5 74.1 112.1 
1 wk F38 Left 4.5 N 19 113.2 111.8 66.0 104.3 119.7 95.7 43.4 32.6 26.1 32.8 42.7 61.3 
1 wk F39 Left 4.5 N 13 110.2 107.5 75.0 104.8 97.4 98.0 56.7 50.6 31.4 53.4 131.2 85.3 
1 wk F40 Left 4.5 N 25 100.2 92.2 74.2 84.5 98.8 105.2 67.3 42.5 60.3 77.3 106.9 71.1 
6 wk A01 Right 9 N 26 114.8 93.9 61.3 90.2 102.8 99.7 66.8 68.7 38.7 68.1 105.1 73.1 
6 wk A02 Right 9 N 13 116.7 100.4 81.4 129.8 125.3 96.0 56.8 77.4 35.8 75.8 108.9 66.3 
6 wk A03 Right 9 N 19 91.3 79.5 70.6 107.6 132.5 94.5 32.5 64.9 35.4 47.2 95.2 53.1 
6 wk A04 Right 9 N 7 105.6 99.8 77.2 85.2 107.7 103.3 44.9 30.7 32.5 66.4 60.1 26.2 
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6 wk A05 Right 9 N 13 105.4 118.2 66.8 93.3 109.0 101.9 25.3 29.9 52.4 82.3 53.1 49.9 
6 wk A06 Right 9 N 7 121.9 91.4 74.2 87.4 112.3 107.3 24.6 37.9 29.4 28.3 24.4 34.8 
6 wk A07 Right 9 N 13 101.4 100.2 70.8 80.6 112.4 109.8 32.3 34.4 28.6 31.8 28.1 44.2 
6 wk B08 Right 4.5 N 13 98.7 92.7 71.6 76.7 95.8 104.9 22.3 28.9 30.0 34.8 38.1 36.9 
6 wk B09 Right 4.5 N 19 116.5 87.5 70.1 108.0 113.6 111.5 56.6 56.5 28.3 65.1 56.0 95.6 
6 wk B10 Right 4.5 N 13 102.8 108.4 79.8 85.9 106.1 102.6 35.8 39.7 43.8 44.0 122.8 81.7 
6 wk B11 Right 4.5 N 19 100.9 87.9 53.6 88.9 104.8 88.7 34.4 38.9 30.4 30.9 57.6 35.3 
6 wk B12 Right 4.5 N 19 110.4 89.4 87.5 89.0 97.1 87.9 31.7 24.6 25.4 45.9 25.5 53.1 
6 wk B13 Right 4.5 N 13 100.1 99.3 67.6 84.1 103.0 97.2 50.2 23.0 27.2 43.5 33.4 21.3 
6 wk B14 Right 4.5 N 19 119.8 84.5 76.3 102.6 85.6 103.1 26.8 31.9 51.0 29.9 23.7 44.2 
2 wk C15 Right 9 N 19 70.7 89.8 80.7 78.1 92.5 114.8 26.2 27.8 48.5 46.1 40.1 48.8 
2 wk C16 Right 9 N 25 93.5 96.0 79.8 99.2 100.1 103.0 27.8 36.2 25.3 44.6 39.9 47.1 
2 wk C17 Right 9 N 25 102.1 90.0 66.3 79.3 93.6 85.3 39.4 41.5 33.8 47.3 47.7 56.1 
2 wk C18 Right 9 N 25 89.0 87.8 78.6 86.4 105.2 115.3 48.2 41.4 38.3 32.3 115.1 46.0 
2 wk C19 Right 9 N 19 123.9 95.2 90.3 88.1 114.4 93.0 35.3 43.9 35.7 52.6 125.0 44.6 
2 wk C20 Right 9 N 13 110.5 87.7 95.1 77.4 100.8 107.1 33.9 43.5 49.6 43.9 131.6 42.0 
2 wk D21 Right 4.5 N 13 81.8 87.4 90.1 76.7 86.7 96.5 30.9 34.4 50.2 39.7 50.8 72.6 
2 wk D22 Right 4.5 N 26 103.9 96.1 81.6 127.1 101.1 107.4 54.3 78.8 42.7 46.2 88.4 111.3 
2 wk D23 Right 4.5 N 25 98.2 91.4 59.5 89.7 113.7 113.1 52.7 70.3 42.6 37.8 114.3 82.6 
2 wk D24 Right 4.5 N 7 92.6 80.9 88.1 96.2 96.8 94.7 39.4 43.3 70.0 43.3 59.2 54.7 
2 wk D25 Right 4.5 N 13 112.5 99.0 84.8 93.6 111.8 114.7 25.9 60.3 31.2 55.1 133.3 88.7 
2 wk D26 Right 4.5 N 1 96.2 89.9 89.0 102.4 119.0 107.7 57.8 109.3 54.3 123.2 122.2 71.2 
2 wk D27 Right 4.5 N 19 106.6 83.8 53.4 82.8 96.1 96.3 38.7 33.7 23.1 38.1 48.5 82.4 
1 wk E28 Right 9 N 25 103.1 92.2 73.2 105.3 112.8 95.4 33.0 43.6 21.6 26.3 40.0 98.1 
1 wk E29 Right 9 N 25 98.7 93.6 72.9 90.1 117.8 93.5 31.1 69.0 30.7 22.2 90.6 51.6 
1 wk E30 Right 9 N 13 120.4 93.1 86.5 82.8 103.8 104.2 37.5 56.4 32.2 49.8 118.2 53.7 
1 wk E31 Right 9 N 13 84.9 85.6 80.4 90.6 104.3 100.3 40.2 30.4 28.9 25.6 54.6 60.2 
1 wk E32 Right 9 N 13 93.8 91.5 68.8 105.3 104.0 112.1 28.6 39.7 25.2 25.6 65.3 64.0 
1 wk E33 Right 9 N 19 113.6 109.4 78.1 129.3 112.4 117.3 25.0 41.4 31.7 19.9 33.6 18.9 
1 wk F34 Right 4.5 N 19 106.5 70.6 66.9 91.9 101.0 94.4 34.0 46.3 28.1 43.8 121.9 50.2 
1 wk F35 Right 4.5 N 19 111.4 93.4 74.4 94.8 122.0 96.2 44.0 67.5 40.7 43.1 96.1 100.0 
1 wk F36 Right 4.5 N 1 112.0 92.3 81.5 88.4 118.9 99.1 60.4 59.6 44.5 26.9 102.5 56.7 
1 wk F37 Right 4.5 N 1 117.0 99.7 86.7 98.1 87.2 117.5 71.3 45.2 46.2 28.7 69.1 51.5 
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1 wk F38 Right 4.5 N 13 86.2 93.5 77.6 94.8 110.1 97.3 28.3 19.4 28.8 28.6 44.4 41.7 
1 wk F39 Right 4.5 N 1 106.0 97.8 91.4 102.7 100.6 98.4 38.0 48.3 66.9 34.0 149.6 57.6 
1 wk F40 Right 4.5 N 19 113.9 86.4 85.3 96.2 91.7 97.5 66.9 57.4 30.0 78.7 95.9 49.9 
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Histological Score: Indices of articular cartilage damage measured by Safranin O stain. Each level corresponds to a slide 
separated at a 90 µm interval. Four boxes in each level correspond to four areas of tibiofemoral articular cartilage.  
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 Localized Articular Cartilage and Subchondral Cortical Bone Thickness: Six slides representing each quadrant were stained 
with Safranin O and analyzed for articular cartilage and subchondral cortical bone thickness using Osteomeasure.  
  
    
Cartilage-Left 
 
Cartilage-Right Sub Bone-Left Sub Bone Right 
Duration 
Mouse 
# Limb 
Starting 
Slide Post Trans Ant Post Trans Ant Post Trans Ant Post Trans Ant 
                  A01 Left 1 578.0 471.6 430.3 422.3 629.7 696.5 258.8 194 124.1 190.3 208.1 145.4 
  A02 Left 7 434.6 496.7 592.1 361.7 544.1 665.9 383.1 82.8 302.4 247.4 214.7 392.6 
  A03 Left 19 416.9 483.5 540.0 369.0 466.4 569.8 223.9 217.6 290.2 287.5 269 246.3 
  A04 Left 1 425.5 501.5 477.8 511.2 531.9 582.4 184.7 151.7 509.2 239.1 272.5 312.3 
  A05 Left 1 492.4 478.3 526.5 406.2 546.7 617.3 190.3 352 394.2 316.4 323.7 584 
  A06 Left 19 446.9 427.2 546.5 448.5 617.9 562.8 240.7 216.2 282.1 220.8 565.1 212.2 
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  A07 Left 1 468.2 501.8 472.3 443.0 619.7 682.6 357.5 359.9 148.3 290 558.5 215.7 
  B08 Left 13 447.0 553.5 508.1 483.5 602.5 654.7 244.8 263.2 546.7 191.6 535.2 416.8 
  B09 Left 1 378.5 531.6 492.5 450.6 571.2 645.1 246.4 310.2 381.1 207.7 464.8 156.5 
  B10 Left 1 379.4 505.3 598.5 368.1 449.3 572.4 220.6 247.5 391.3 254.4 790.5 919.4 
  B11 Left 1 475.5 501.9 604.2 404.0 576.6 704.3 218.7 321.4 661.5 264.9 328.9 606.7 
  B12 Left 1 525.0 489.0 512.3 415.5 559.5 596.1 227.1 146.5 281.5 168.8 441 343.9 
  B13 Left 1 428.5 467.5 539.3 384.9 564.2 566.0 302.4 187.6 605.5 227.2 481 409.7 
  B14 Left 1 449.5 490.9 487.2 433.0 577.4 512.6 235.1 272.6 351.8 315.9 298.8 121.9 
  C15 Left 1 568.4 536.5 532.1 486.9 584.1 665.5 286.5 183.1 352.3 169.8 551.8 532.2 
  C16 Left 7 525.7 583.3 527.8 376.6 604.2 628.9 253.9 299.7 362.7 264.1 814.2 593.7 
  C17 Left 1 597.6 559.8 517.9 491.0 579.7 523.8 255.2 424.2 385 239 490.3 257.1 
  C18 Left 1 398.2 559.3 538.7 458.4 544.8 592.9 213.8 280.5 464.3 305.6 659 555.8 
  C19 Left 1 493.0 575.1 524.3 480.3 745.7 629.9 213.5 437.3 575.6 287.2 903.6 550.1 
  C20 Left 1 437.8 635.2 560.5 564.8 550 534.7 245.9 622.7 392.8 470.4 461.9 379.3 
  C21 Left 1 640.2 607.5 550.9 442.4 678.8 553.7 294.2 233.4 487.4 185 644.8 602.9 
  A01 Right 7 559.5 675.6 615.3 647.3 530.2 488.1 282.3 638.5 592.8 287.1 351 456.3 
  A02 Right 19 399.7 601.1 650.4 514.8 723.4 478.2 499.4 550.7 700.5 198 357.2 260 
  A03 Right 13 591.0 625.9 512.7 578.7 592.3 511.4 609.7 721.4 263.9 393.8 553 568.3 
  A04 Right 13 541.3 591.6 587.6 562.8 617.3 428.0 247.8 542.6 440.2 300.1 373.5 318.2 
  A05 Right 7 513.7 576.2 595.9 604.2 590.5 376.9 252.9 514.4 380.7 231.8 246.5 178.1 
  A06 Right 7 421.5 615.4 532.0 666.0 558.1 482.7 330.8 506.7 526.2 190.7 438.8 430.1 
  A07 Right 1 565.9 617.7 662.3 562.7 669.6 629.6 442.5 666.9 574.3 300.1 283.2 486.8 
  B08 Right 7 506.6 574.7 575.5 605.2 503.7 456.7 526.3 405.3 555.5 411.4 579.3 413.3 
  B09 Right 1 506.1 552.7 612.8 489.1 582.2 506.1 408.8 586.6 524.4 297.4 298.4 235.5 
  B10 Right 1 518.1 589.5 609.5 513.6 554.5 509.5 218.7 488.8 445.6 241.6 414.9 415.8 
  B11 Right 1 539.2 616.4 530.7 634.6 572.3 449.7 307.8 455.5 544.8 272.2 574.9 272.8 
  B12 Right 1 451.4 549.8 554.4 574.7 542.1 507.2 332.1 662.9 509 301.2 235.3 574.2 
  B13 Right 1 577.1 695.8 647.1 617.9 629.1 513.6 391.3 439.3 379.6 193.6 367.6 193.3 
  B14 Right 1 441.9 623.6 568.7 476.5 543.7 522.1 151.3 272.1 163.2 172.2 342.4 245.2 
  C15 Right 1 506.9 657.9 610.5 599.2 636.1 485.2 311.1 572.5 468.1 184 308.5 515.6 
  C16 Right 1 603.3 612.4 555.7 527.4 594.3 469.2 209.5 471.7 558.4 165.4 278.1 310.1 
  C17 Right 1 459.5 521.7 385.6 648.0 489.6 549.2 384.3 718.6 649.2 213.6 259 504.8 
  C18 Right 1 527.1 612.3 535.5 627.2 650.9 443.1 437.6 375.9 318 253 300.8 358.7 
  C19 Right 1 411.0 578.3 473.2 575.3 655.3 420.5 322.2 572.9 476.6 303.3 289.1 284.6 
  C20 Right 1 485.3 625.7 436.7 539.1 523.6 584.4 213.9 307.3 319.4 239.7 297.5 607.5 
  C21 Right 7 411.8 652.3 518.4 526.1 585.8 542.0 329.1 732.8 333.7 196 441.7 414.1 
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Epiphyseal Bone MicroCT Data: Indices of cancellous bone architecture proximal to the growth plate in mice loaded at 
multiple experimental time points 
 
SampName Load Time BV/TV 
Tb.Th 
[mm] 
Tb.Sp 
[mm] 
TMD [mg 
HA/ccm] 
e154 Left 2-week 0.2382 0.0504 0.1963 966.128 
e154 Right 2-week 0.2831 0.0536 0.1791 976.09 
e154 Left 2-week 0.2955 0.0559 0.1744 948.092 
e154 Right 2-week 0.328 0.0576 0.1799 993.995 
e154 Left 2-week 0.2685 0.0537 0.1893 956.882 
e154 Right 2-week 0.3097 0.0577 0.1877 996.274 
e154 Left 2-week 0.3094 0.0597 0.2002 951.022 
e154 Right 2-week 0.2924 0.0577 0.2085 985.205 
e154 Left 2-week 0.3169 0.0579 0.1922 972.509 
e154 Right 2-week 0.2827 0.0535 0.185 974.983 
e154 Left 2-week 0.2549 0.0569 0.1951 953.757 
e154 Right 2-week 0.2627 0.0567 0.2329 979.215 
e154 Left 2-week 0.2649 0.0539 0.1931 978.694 
e154 Right 2-week 0.288 0.0577 0.1982 993.149 
e154 Left 1-week 0.2756 0.0519 0.174 975.308 
e154 Right 1-week 0.3247 0.0608 0.1864 1004.0224 
e154 Left 1-week 0.2497 0.0503 0.1858 966.714 
e154 Right 1-week 0.2857 0.0551 0.1943 976.806 
e154 Left 1-week 0.2592 0.0519 0.1912 967.756 
e154 Right 1-week 0.2733 0.0549 0.2019 974.787 
e154 Left 1-week 0.2726 0.0558 0.1988 968.537 
e154 Right 1-week 0.3038 0.0579 0.1868 998.813 
e154 Left 1-week 0.1888 0.0463 0.223 957.012 
e154 Right 1-week 0.2416 0.051 0.2171 965.021 
e154 Left 1-week 0.2341 0.0505 0.1944 978.108 
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e154 Right 1-week 0.301 0.0553 0.1729 986.963 
e154 Left 1-week 0.2342 0.0499 0.1889 982.405 
e154 Right 1-week 0.2676 0.053 0.195 987.875 
e154 Left 0-day 0.3038 0.0593 0.1939 996.665 
e154 Right 0-day 0.3169 0.0577 0.175 992.497 
e154 Left 0-day 0.2624 0.055 0.1995 979.41 
e154 Right 0-day 0.2518 0.0539 0.2053 977.066 
e154 Left 0-day 0.3214 0.0586 0.1734 996.339 
e154 Right 0-day 0.3267 0.0591 0.1929 994.581 
e154 Left 0-day 0.2849 0.0568 0.194 984.033 
e154 Right 0-day 0.2662 0.055 0.2072 984.749 
e154 Left 0-day 0.2657 0.0574 0.2048 984.098 
e154 Right 0-day 0.2395 0.0522 0.2002 978.238 
e154 Left 0-day 0.2707 0.0541 0.1903 980.517 
e154 Right 0-day 0.278 0.0541 0.2034 990.739 
e154 Left 0-day 0.3028 0.0561 0.1839 998.618 
e154 Right 0-day 0.3114 0.0557 0.1795 1000.441 
 
Metaphyseal Cancellous Bone MicroCT Data: Indices of cancellous bone architecture distal to the growth plate in mice at 
multiple experimental time points 
 
SampName Load Time 
VOX-
BV/TV 
Tb.Th 
[mm] 
Tb.Sp 
[mm] 
TMD [mg 
HA/ccm] 
e154 Left 2-week 0.1211 0.0405 0.2152 877.839 
e154 Right 2-week 0.1458 0.044 0.1992 889.298 
e154 Left 2-week 0.1202 0.0453 0.271 870.286 
e154 Right 2-week 0.1403 0.0474 0.2338 911.826 
e154 Left 2-week 0.1088 0.0428 0.2561 878.034 
e154 Right 2-week 0.1129 0.0441 0.2386 909.677 
e154 Left 2-week 0.142 0.0449 0.2237 869.895 
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e154 Right 2-week 0.1448 0.0439 0.2182 906.747 
e154 Left 2-week 0.1215 0.0393 0.2068 872.825 
e154 Right 2-week 0.1537 0.0441 0.1802 906.552 
e154 Left 2-week 0.1267 0.047 0.2294 865.923 
e154 Right 2-week 0.1306 0.0476 0.2183 886.889 
e154 Left 2-week 0.1082 0.0398 0.239 878.359 
e154 Right 2-week 0.1235 0.0437 0.2105 908.115 
e154 Left 1-week 0.1377 0.0465 0.2156 911.826 
e154 Right 1-week 0.1386 0.0448 0.2171 923.09 
e154 Left 1-week 0.1328 0.0401 0.1982 888.972 
e154 Right 1-week 0.1431 0.0407 0.1926 904.989 
e154 Left 1-week 0.1159 0.0425 0.2384 861.561 
e154 Right 1-week 0.1224 0.0455 0.2318 891.381 
e154 Left 1-week 0.1425 0.0421 0.208 887.019 
e154 Right 1-week 0.1266 0.0425 0.2104 890.991 
e154 Left 1-week 0.1019 0.0352 0.2173 871.718 
e154 Right 1-week 0.1254 0.0418 0.2223 890.73 
e154 Left 1-week 0.1142 0.0381 0.2161 899.455 
e154 Right 1-week 0.1458 0.0444 0.2029 915.212 
e154 Left 1-week 0.0852 0.0377 0.2227 876.146 
e154 Right 1-week 0.0897 0.04 0.2354 896.134 
e154 Left 0-day 0.1463 0.0415 0.2059 907.529 
e154 Right 0-day 0.1609 0.0427 0.2056 907.594 
e154 Left 0-day 0.1004 0.0458 0.2389 884.35 
e154 Right 0-day 0.1028 0.0436 0.2396 877.578 
e154 Left 0-day 0.1499 0.0483 0.2343 918.272 
e154 Right 0-day 0.1226 0.0491 0.2692 916.384 
e154 Left 0-day 0.149 0.0464 0.1967 907.529 
e154 Right 0-day 0.1241 0.041 0.2041 891.447 
e154 Left 0-day 0.1236 0.0474 0.2389 910.328 
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e154 Right 0-day 0.1127 0.0467 0.2337 889.168 
e154 Left 0-day 0.1252 0.0467 0.2738 903.557 
e154 Right 0-day 0.1354 0.0472 0.2481 918.728 
e154 Left 0-day 0.1391 0.0484 0.2135 940.995 
e154 Right 0-day 0.1497 0.0441 0.2083 927.518 
 
Number of Chondrocytes Expressing LC3: Indices of chondrocyte autophagy measured by immunohistochemicalstaining of 
chondrocytes using LC3 antibody normalized by cartilage area 
 
  
Post Mid Ant Post Mid Ant Post Mid Ant Post Mid Ant 
Overall 
Average 
(Medial + 
Lateral) 
Mouse 
# Limb 
Cart Area 
[mm] 
Cart Area 
[mm] 
Cart Area 
[mm] Chon N Chon N Chon N 
Cart Area 
[mm] 
Cart Area 
[mm] 
Cart Area 
[mm] Chon N Chon N Chon N ChonN/CA 
               A01 Left 0.0936 0.1022 0.0138 0 0 4 0.0460 0.0715 0.1067 0 0 1 11.524 
A02 Left 0.0955 0.1047 0.0930 0 0 0 0.0508 0.0936 0.0955 0 0 0 0.000 
A03 Left 0.1002 0.1202 0.1203 0 1 0 0.0384 0.0520 0.0935 0 0 0 1.907 
A04 Left 0.1265 0.1212 0.0947 2 1 2 0.0419 0.0443 0.0840 0 0 1 11.705 
A05 Left 0.0794 0.0989 0.0891 2 5 2 0.0348 0.0855 0.0777 0 1 3 27.935 
A06 Left 0.1033 0.1196 0.0520 10 1 0 0.0404 0.0861 0.0796 0 1 0 24.946 
A07 Left 0.0974 0.1007 0.0695 2 2 0 0.0496 0.1034 0.0894 0 1 1 11.765 
B08 Left 0.1139 0.1146 0.0289 5 0 1 0.0430 0.0667 0.0844 0 0 0 13.289 
B09 Left 0.1002 0.1035 0.0491 10 7 4 0.0655 0.0628 0.0769 1 0 1 50.217 
B10 Left 0.1097 0.1260 0.0324 0 2 0 0.0493 0.0776 0.0825 0 0 0 4.188 
B11 Left 0.0822 0.0938 0.0535 0 6 2 0.0575 0.0959 0.0909 0 0 0 16.882 
B12 Left 0.0815 0.0834 0.0800 0 7 0 0.0549 0.0849 0.0815 0 1 1 19.305 
B13 Left 0.0854 0.0946 0.0672 5 9 1 0.0570 0.0623 0.0803 1 1 0 38.055 
B14 Left 0.0893 0.0940 0.0353 1 1 0 0.0399 0.0859 0.0793 0 0 0 4.720 
C15 Left 0.0921 0.1109 0.0605 4 7 2 0.0799 0.1222 0.0821 2 5 6 47.469 
C16 Left 0.1033 0.0926 0.0403 7 11 6 0.0664 0.0993 0.0778 7 7 9 97.963 
C17 Left 0.1107 0.1011 0.0493 16 12 10 0.0563 0.0898 0.0729 1 28 6 152.082 
C18 Left 0.1418 0.0987 0.0153 17 3 4   0.0574 0.1028   9 16 117.783 
C19 Left 0.0925 0.1040 0.0707 3 8 2 0.0602 0.1169 0.0743 3 6 1 44.346 
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C20 Left 0.0760 0.1052 0.0607 2 4 7 0.1070 0.1077 0.0678 12 4 4 62.927 
C21 Left 0.0790 0.0915 0.0721 3 6 3 0.0686 0.0910 0.0831 2 14 4 65.937 
A01 Right 0.0727 0.1169 0.0853 2 17 2 0.0850 0.1286 0.0868 22 38 3 146.001 
A02 Right 0.0242 0.0929 0.1170 15 0 22 0.1503 0.1253 0.0404 1 0 30 123.620 
A03 Right 0.0819 0.1242 0.1013 11 12 17 0.1592 0.1124 0.0597 9 8 11 106.484 
A04 Right 0.0594 0.0852 0.1097 2 3 3 0.1443 0.1198 0.0252 8 2 0 33.120 
A05 Right 0.0619 0.0951 0.1041 7 1 1 0.1312 0.1115 0.0372 5 6 0 36.965 
A06 Right 0.0647 0.1047 0.0879 5 2 5 0.1121 0.1118 0.0486 21 2 4 73.618 
A07 Right 0.0117 0.0682 0.1137 1 5 2 0.1268 0.1247 0.0522 31 2 1 84.441 
B08 Right 0.0386 0.0624 0.1146 1 1 29 0.1359 0.0837 0.0086 7 2 0 90.131 
B09 Right 0.0206 0.0589 0.1006 2 2 8 0.1383 0.0867 0.0231 34 1 2 114.439 
B10 Right 0.0667 0.0862 0.0922 10 3 2 0.1099 0.0970 0.0497 26 1 0 83.718 
B11 Right 0.0753 0.0924 0.0954 0 3 1 0.1256 0.1072 0.0273 24 1 6 66.895 
B12 Right 0.0812 0.1098 0.0770 8 4 5 0.0764 0.1023 0.0856 13 17 2 92.048 
B13 Right 0.0586 0.0797 0.0961 1 10 2 0.1384 0.0905 0.0425 17 4 1 69.195 
B14 Right 0.0629 0.0783 0.0951 3 11 3 0.1118 0.0810 0.0424 14 13 1 95.437 
C15 Right 0.0547 0.0924 0.0936 3 3 2 0.1123 0.0959 0.0511 24 4 1 74.009 
C16 Right 0.0611 0.0978 0.0759 3 5 2 0.0773 0.1082 0.0502 8 15 1 72.257 
C17 Right 0.1068 0.0896 0.0406 4 4 1 0.1031 0.1158 0.0552 5 4 3 41.087 
C18 Right   0.0745 0.1220   14 27 0.1420 0.0826   30 15   204.243 
C19 Right 0.0662 0.1017 0.0672 6 3 9 0.1265 0.0942 0.0488 15 0 0 65.403 
C20 Right 0.1566 0.0954 0.0129 7 1 2   0.0616 0.0999   5 7 51.595 
C21 Right 0.0606 0.1022 0.0863 6 16 5 0.1173 0.1204 0.0601 32 16 1 138.969 
 
Number of Osteoclasts in Epiphyseal Bone: Immunohistochemical staining using Cathepsin K antibody was performed to 
determine the number of osteoclasts within epiphysis normalized by bone surface 
 
    
Post Mid Ant Post Mid Ant Post Mid Ant 
Averag
e 
Overall 
Average 
Duratio
n 
Mouse 
# Limb 
Starting 
Slide 
Bone Area 
[mm] 
Bone 
Area 
Bone 
Area OcN OcN OcN OcN/BA OcN/BA OcN/BA OcN/BA OcN/BA 
                 A01 Left 1 10.431 12.374 13.047 7 5 5 0.671 0.404 0.383 0.486 
0.47417027
2 
  A02 Left 7 5.148 11.320 15.986 3 6 6 0.583 0.530 0.375 0.496 
0.46219406
6 
  A03 Left 19 11.346 13.732 14.661 2 3 6 0.176 0.218 0.409 0.268 
0.27680546
4 
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  A04 Left 1 5.875 10.184 13.468 4 2 4 0.681 0.196 0.297 0.391 
0.33868225
5 
  A05 Left 1 2.224 12.787 11.846 0 6 5 0.000 0.469 0.422 0.297 
0.40957359
7 
  A06 Left 19 5.274 9.833 13.470 2 5 2 0.379 0.508 0.148 0.345 
0.31493528
1 
  A07 Left 1 8.029 13.342 16.658 1 3 4 0.125 0.225 0.240 0.197 
0.21036964
6 
  B08 Left 13 6.231 11.221 10.982 2 4 3 0.321 0.356 0.273 0.317 
0.31652358
6 
  B09 Left 1 7.182 12.129 14.456 5 6 5 0.696 0.495 0.346 0.512 
0.47384241
8 
  B10 Left 1 5.440 11.718 13.418 1 6 6 0.184 0.512 0.447 0.381 
0.42516172
5 
  B11 Left 1 6.907 9.771 13.183 1 6 4 0.145 0.614 0.303 0.354 
0.36837716
5 
  B12 Left 1 4.285 11.566 12.238 0 8 7 0.000 0.692 0.572 0.421 0.53400927 
  B13 Left 1 5.436 10.265 14.969 1 7 4 0.184 0.682 0.267 0.378 
0.39124906
3 
  B14 Left 1 7.738 12.569 13.480 0 5 3 0.000 0.398 0.223 0.207 
0.23678516
8 
  C15 Left 1 5.025 11.246 14.259 0 1 1 0.000 0.089 0.070 0.053 
0.06551040
8 
  C16 Left 7 5.336 9.500 12.873 0 2 0 0.000 0.211 0.000 0.070 
0.07217871
4 
  C17 Left 1 5.653 9.478 15.075 0 0 0 0.000 0.000 0.000 0.000 0 
  C18 Left 1 6.637 12.081 9.656 0 1 1 0.000 0.083 0.104 0.062 
0.07048805
9 
  C19 Left 1 6.636 9.270 12.046 0 0 0 0.000 0.000 0.000 0.000 0 
  C20 Left 1 6.633 12.381 13.572 0 0 0 0.000 0.000 0.000 0.000 0 
  C21 Left 1 7.192 10.568 12.147 1 0 0 0.139 0.000 0.000 0.046 
0.03343631
7 
  A01 Right 7 6.487 12.227 13.407 1 3 2 0.154 0.245 0.149 0.183 
0.18679252
3 
  A02 Right 19 9.734 10.384 11.834 2 2 1 0.205 0.193 0.085 0.161 
0.15648717
6 
  A03 Right 13 7.343 12.043 14.915 1 0 1 0.136 0.000 0.067 0.068 
0.05830597
8 
  A04 Right 13 7.409 8.041 12.581 1 3 2 0.135 0.373 0.159 0.222 
0.21404567
7 
  A05 Right 7 8.513 11.386 12.438 1 2 1 0.117 0.176 0.080 0.125 
0.12370075
6 
  A06 Right 7 9.110 11.036 14.680 1 2 2 0.110 0.181 0.136 0.142 
0.14356924
6 
  A07 Right 1 7.811 11.181 12.126 3 1 1 0.384 0.089 0.082 0.185 
0.16067664
1 
  B08 Right 7 7.334 9.565 9.869 0 1 2 0.000 0.105 0.203 0.102 
0.11207621
2 
  B09 Right 1 5.461 10.802 11.650 0 1 1 0.000 0.093 0.086 0.059 
0.07165197
2 
  B10 Right 1 6.710 10.181 9.908 1 1 2 0.149 0.098 0.202 0.150 
0.14925707
3 
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  B11 Right 1 6.351 10.218 12.380 0 1 1 0.000 0.098 0.081 0.060 
0.06908844
7 
  B12 Right 1 6.120 10.638 10.383 0 3 3 0.000 0.282 0.289 0.190 
0.22106938
6 
  B13 Right 1 9.290 11.540 13.800 1 2 2 0.108 0.173 0.145 0.142 
0.14438098
1 
  B14 Right 1 8.035 11.579 12.787 0 1 0 0.000 0.086 0.000 0.029 
0.03086353
1 
  C15 Right 1 7.852 10.342 11.393 0 0 0 0.000 0.000 0.000 0.000 0 
  C16 Right 1 5.925 11.161 13.571 0 1 1 0.000 0.090 0.074 0.054 
0.06523859
4 
  C17 Right 1 4.355 10.437 11.925 0 0 0 0.000 0.000 0.000 0.000 0 
  C18 Right 1 5.594 11.232 8.808 0 1 0 0.000 0.089 0.000 0.030 
0.03901129
8 
  C19 Right 1 6.104 10.941 10.886 1 0 1 0.164 0.000 0.092 0.085 
0.07160656
5 
  C20 Right 1 5.986 10.674 11.533 0 0 0 0.000 0.000 0.000 0.000 0 
  C21 Right 7 7.201 10.254 14.358 1 0 2 0.139 0.000 0.139 0.093 
0.09430225
8 
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Histological Score: Indices of articular cartilage damage measured by Safranin O stain. Each level corresponds to a slide 
separated at a 90 µm interval. Four boxes in each level correspond to four areas of tibiofemoral articular cartilage.  
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Localized Articular Cartilage and Subchondral Cortical Bone Thickness: Six slides representing each quadrant were stained 
with Safranin O and analyzed for articular cartilage and subchondral cortical bone thickness using Osteomeasure. 
 
   
Cartilage-Left 
 
Cartilage-Right Sub Bone-Left 
 
Sub Bone Right 
 
Mouse 
# Limb 
Starting 
Slide Post Trans Ant Post Trans Ant Post Trans Ant Post Trans Ant 
               1542 Left 1 449.2 510.5 588.1 518.3 723.3 745.2 359.6 102.7 141.3 345.0 317.8 390.6 
1566 Left 1 715.8 545.1 636.4 595.4 722.0 682.7 197.0 285.5 225.2 226.4 408.0 177.9 
1568 Left 1 634.4 681.3 629.3 513.8 746.1 767.8 238.2 238.4 532.2 324.6 291.4 265.9 
1605 Left 1 392.6 566.5 683.6 483.9 691.2 721.6 246.2 150.4 180.6 320.0 261.0 481.6 
	   144	  
1614 Left 1 623.9 549.2 688.2 477.3 665.4 783.1 222.0 196.6 272.4 267.7 456.5 343.8 
1625 Left 1 451.6 655.9 700.4 426.4 677.2 779.9 331.2 268.0 295.2 427.9 388.6 342.3 
1629 Left 1 565.7 769.1 608.6 511.5 664.8 743.7 240.9 331.0 742.4 358.4 349.1 343.6 
1630 Left 1 597.9 796.4 664.9 474.3 781.7 685.8 545.4 125.4 316.6 498.3 608.1 869.2 
1641 Left 1 549.3 814.5 538.1 548.3 618.0 738.9 437.6 233.2 487.4 390.2 503.5 308.3 
1642 Left 1 495.1 709.1 736.3 538.1 699.9 760.6 222.2 636.8 178.0 360.7 342.0 524.7 
1646 Left 1 491.8 667.2 560.7 555.4 715.3 712.2 398.9 205.7 303.2 385.0 372.9 293.9 
1647 Left 7 750.0 594.8 429.6 840.8 705.7 626.1 223.9 371.9 133.8 410.9 282.5 402.8 
1648 Left 1                         
1649 Left 1 580.8 691.8 534.3 737.2 733.3 700.7 406.6 153.9 292.9 296.8 772.8 418.3 
1650 Left 1 820.3 764.5 585.4 705.0 695.3 693.8 393.3 296.9 442.3 289.8 456.8 534.0 
1651 Left 1 917.1 932.4 681.1 715.1 899.2 778.8 499.5 160.1 414.3 335.7 518.3 699.0 
1656 Left 1 414.9 595.6 635.3 453.2 711.5 829.4 447.5 195.3 278.3 424.6 287.9 306.3 
1657 Left 1 889.3 601.0 407.4 852.2 885.1 555.3 291.1 357.3 138.9 419.0 273.7 203.1 
1658 Left 7 799.9 723.5 437.3 813.8 757.1 657.7 269.5 171.0 210.9 166.5 305.0 296.7 
1659 Left 1 430.7 624.2 589.8 458.8 738.8 690.4 244.8 309.4 211.2 266.0 266.6 242.2 
1660 Left 1 727.0 597.6 453.9 710.7 735.8 626.8 406.3 394.6 330.7 228.3 492.7 402.3 
1661 Left 7 402.9 465.7 570.6 460.0 620.5 656.9 361.9 252.8 417.4 476.1 307.8 251.9 
1542 Right 1 851.9 666.8 525.1 817.5 724.7 504.6 272.5 518.3 496.5 411.2 371.5 370.1 
1566 Right 1 760.5 757.9 778.1 680.5 601.5 478.2 258.4 244.0 495.5 285.6 366.3 365.9 
1568 Right 1 608.7 742.6 812.6 591.2 713.0 652.7 241.6 286.7 398.3 172.1 175.9 339.7 
1605 Right 1 914.7 896.9 720.0 844.7 839.8 605.6 447.0 396.1 657.1 218.5 383.2 356.2 
1614 Right 1 577.3 760.7 755.1 682.1 661.8 463.5 361.1 187.0 528.3 122.0 118.1 229.2 
1625 Right 1 846.6 722.2 814.6 776.1 635.6 390.1 350.7 675.6 604.7 339.6 533.5 202.3 
1629 Right 7 675.5 752.6 689.4 741.4 799.4 765.0 552.0 789.5 682.2 294.4 371.2 570.6 
1630 Right 1 696.1 874.6 760.0 904.6 759.6 452.8 578.7 888.0 774.1 420.3 490.5 358.8 
1641 Right 1 620.5 680.2 610.7 597.3 732.0 625.2 464.9 577.5 639.1 281.7 406.3 323.0 
1642 Right 1 617.7 747.4 751.5 701.5 685.8 570.6 367.9 638.0 835.4 276.6 598.9 490.6 
1646 Right 1 667.8 753.2 698.3 670.3 668.9 565.6 402.7 423.9 569.2 269.8 278.6 578.2 
1647 Right 7 856.7 665.9 706.5 713.1 703.8 443.3 160.2 530.9 626.1 130.4 330.4 481.5 
1648 Right 1                         
1649 Right 1 524.9 742.2 709.6 549.3 668.8 613.4 381.6 432.9 556.3 385.0 249.4 533.2 
1650 Right 1 725.0 806.8 655.9 885.5 808.6 581.9 492.4 413.1 874.1 272.9 333.8 557.4 
1651 Right 1 712.0 837.4 578.9 769.7 709.9 358.2 539.3 659.2 733.6 273.0 286.3 309.8 
1656 Right 1 672.5 755.5 732.6 600.2 619.6 486.2 345.8 446.4 364.4 344.1 325.3 165.5 
1657 Right 7 690.5 787.4 809.5 657.8 694.0 469.1 683.2 590.7 228.2 290.3 323.8 248.1 
1658 Right 7 809.0 720.3 754.2 575.6 696.4 603.2 333.1 463.3 488.5 461.0 212.5 278.8 
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1659 Right 1 608.5 689.7 795.7 729.3 563.2 386.1 481.6 304.3 340.5 175.5 512.9 251.0 
1660 Right 1 623.4 811.4 819.3 544.2 573.5 526.6 364.5 435.3 623.3 366.2 637.9 444.7 
1661 Right 1 649.6 783.5 763.6 652.5 551.8 366.3 185.1 313.7 294.5 382.9 417.8 458.3 
 
Metaphyseal Cancellous Bone MicroCT Data: Indices of cancellous bone architecture distal to the growth plate in WT, Wnt3, 
and Dkk1 KO mice loaded for two weeks 
 
Gene Load Sample BV/TV 
Tb.Th 
[mm] 
Tb.Sp 
[mm] 
TMD [mg 
HA/ccm] 
Wnt3 Load 1660L 0.1384 0.0408 0.1769 946.595 
Wnt3 Control 1660R 0.1335 0.0402 0.1853 932.271 
WT Load 1659L 0.0928 0.0469 0.2962 924.718 
WT Control 1659R 0.0841 0.0391 0.3006 950.046 
Dkk1 Load 1542L 0.101 0.0513 0.2614 925.629 
Dkk1 Control 1542R 0.0955 0.0367 0.2401 938.847 
Wnt3 Load 1566L 0.1332 0.0442 0.1791 936.373 
Wnt3 Control 1566R 0.0923 0.0389 0.2358 947.506 
Wnt3 Load 1568L 0.0569 0.0408 0.282 920.876 
Wnt3 Control 1568R 0.0775 0.039 0.2578 968.081 
Dkk1 Load 1605L 0.1067 0.0526 0.2634 914.626 
Dkk1 Control 1605R 0.0725 0.0376 0.2519 942.363 
Wnt3 Load 1650L 0.1443 0.0516 0.209 956.752 
Wnt3 Control 1650R 0.1248 0.043 0.197 946.465 
Wnt3 Load 1651R 0.1397 0.0452 0.2293 942.428 
Wnt3 Control 1651L 0.1654 0.0487 0.2006 942.688 
WT Load 1614L 0.0708 0.0464 0.3271 918.663 
WT Control 1614R 0.0709 0.0405 0.3189 935.396 
Dkk1 Load 1625L 0.1198 0.0475 0.2034 939.498 
Dkk1 Control 1625R 0.0966 0.0367 0.2019 949.525 
Dkk1 Load 1641L 0.1908 0.0516 0.1581 947.376 
Dkk1 Control 1641R 0.1714 0.0472 0.1632 960.008 
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Dkk1 Load 1642L 0.1248 0.053 0.2127 934.484 
Dkk1 Control 1642R 0.0984 0.04 0.2149 949.329 
WT Load 1646L 0.0867 0.0506 0.5258 928.82 
WT Control 1646R 0.0863 0.0438 0.4366 932.661 
WT Load 1647L 0.159 0.0491 0.2168 923.155 
WT Control 1647R 0.1486 0.0432 0.1984 942.363 
WT Load 1648L 0.1093 0.0523 0.2582 940.54 
WT Control 1648R 0.0956 0.0421 0.3035 948.939 
Wnt3 Load 1649L 0.1555 0.0499 0.1828 947.376 
Wnt3 Control 1649R 0.12 0.043 0.2075 952.325 
Dkk1 Load 1629L 0.1967 0.0488 0.1532 933.117 
Dkk1 Control 1629R 0.1742 0.0426 0.1564 942.037 
Dkk1 Load 1630L 0.1561 0.0501 0.1812 936.438 
Dkk1 Control 1630R 0.1457 0.0413 0.1759 930.903 
WT Load 1656L 0.1182 0.0475 0.1949 906.682 
WT Control 1656R 0.1006 0.0403 0.2017 943.144 
WT Load 1657L 0.1371 0.0489 0.2151 953.171 
WT Control 1657R 0.1192 0.0446 0.2605 950.827 
WT Load 1658L 0.1449 0.0485 0.1897 965.867 
WT Control 1658R 0.107 0.0387 0.1945 954.278 
Wnt3 Load 1661L 0.1032 0.0473 0.2534 936.373 
Wnt3 Control 1661R 0.1221 0.0429 0.2498 959.747 
 
Epiphyseal Bone MicroCT Data: Indices of cancellous bone architecture proximal to the growth plate in WT, Wnt3, and Dkk1 
KO mice loaded for two weeks 
 
Gene Load Sample BV/TV 
Tb.Th 
[mm] 
Tb.Sp 
[mm] 
TMD [mg 
HA/ccm] 
WT Load 1659L 0.3327 0.0563 0.1465 1000.506 
WT Control 1659R 0.3602 0.055 0.1479 993.083 
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Wnt3 Load 1660L 0.2467 0.0509 0.1576 958.836 
Wnt3 Control 1660R 0.2897 0.0487 0.164 987.419 
Dkk1 Load 1542L 0.2864 0.0613 0.1729 984.6848 
Dkk1 Control 1542R 0.2752 0.0538 0.1666 1013.398 
Wnt3 Load 1566L 0.2668 0.0515 0.1607 973.03 
Wnt3 Control 1566R 0.3277 0.0549 0.152 993.409 
Wnt3 Load 1568L 0.2254 0.0523 0.1926 978.369 
Wnt3 Control 1568R 0.3142 0.0552 0.1735 1006.692 
Dkk1 Load 1605L 0.3453 0.07 0.1815 983.5128 
Dkk1 Control 1605R 0.3153 0.0575 0.1712 990.479 
Wnt3 Load 1650L 0.3565 0.0631 0.1651 1014.9609 
Wnt3 Control 1650R 0.3468 0.0586 0.1658 1015.351 
Wnt3 Load 1651R 0.3548 0.0624 0.1775 1005.7153 
Wnt3 Control 1651L 0.3521 0.0635 0.1665 1010.273 
WT Load 1614L 0.3041 0.0545 0.1672 977.131 
WT Control 1614R 0.313 0.0556 0.1654 979.866 
Dkk1 Load 1625L 0.3465 0.0707 0.1595 998.7485 
Dkk1 Control 1625R 0.3347 0.0614 0.1591 1014.8958 
Dkk1 Load 1641L 0.3582 0.0615 0.1491 992.563 
Dkk1 Control 1641R 0.391 0.0659 0.151 1025.4436 
Dkk1 Load 1642L 0.3845 0.0696 0.1583 1012.8123 
Dkk1 Control 1642R 0.3421 0.0657 0.159 1014.1144 
WT Load 1646L 0.2386 0.0536 0.1921 971.141 
WT Control 1646R 0.2759 0.056 0.1945 986.117 
WT Load 1647L 0.3129 0.0569 0.1525 998.488 
WT Control 1647R 0.3486 0.0579 0.1622 1007.603 
WT Load 1648L 0.2829 0.0544 0.1789 993.93 
WT Control 1648R 0.3153 0.0531 0.1792 999.074 
Wnt3 Load 1649L 0.3626 0.0608 0.1469 1017.4351 
Wnt3 Control 1649R 0.3685 0.0587 0.1587 1009.166 
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Dkk1 Load 1629L 0.4032 0.0712 0.1484 995.3627 
Dkk1 Control 1629R 0.4338 0.0671 0.1408 1026.1598 
Dkk1 Load 1630L 0.362 0.0659 0.1499 983.9684 
Dkk1 Control 1630R 0.3592 0.0636 0.156 995.9488 
WT Load 1656L 0.2657 0.0559 0.17 968.342 
WT Control 1656R 0.319 0.057 0.1581 998.748 
WT Load 1657L 0.3522 0.0583 0.1538 1009.947 
WT Control 1657R 0.3423 0.055 0.1564 1005.129 
WT Load 1658L 0.3249 0.0547 0.1463 1005.064 
WT Control 1658R 0.3247 0.0519 0.1504 1008.189 
Wnt3 Load 1661L 0.2743 0.0536 0.1657 981.559 
Wnt3 Control 1661R 0.3633 0.0576 0.1558 1018.346 
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Number of Chondrocytes Expressing MMP-13: Indices of cartilage catabolic activity measured by 
immunohistochemicalstaining of chondrocytes using MMP-13 antibody normalized by cartilage area 
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Number of Chondrocytes Expressing β-catenin: Indices of Wnt signaling activity measured by immunohistochemicalstaining 
of chondrocytes using β-catenin antibody normalized by cartilage area 
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